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FOREWORD

This report was prepared by the Lockheed Missiles and

Space Company, Sunnyvale, California, and contains the
results of a study performed for the National Aeronautics

and Space Administration Office of Advanced Research and
Technology, under Phase II of Contract NASw-1644, Pro-
pellant Selection for Unmanned Spacecraft Propulsion Systems.

The report is printed in three volumes:

Volume I Results, Conclusions, and Recommendations

Volume I Analysis of Propellant Sensitivity, Secondary
Propulsion, and Ground Operations

Volume IIT  Study of Propulsion Stage Commonality and
‘Attitude Control Systems Requirements

i
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INTRODUCTION

The Phase II study was divided into five major tasks plus reporting (Task V). Task I
covered analysis of the sensitivity of propellants to various system perturbations.

Task II entailed the comparison of using a secondary versus a primary propulsion sys-
tem for minor AV requirements. In Task III the ground operational requirements and
problems of the candidate propellants were studied. Task IV was the investigation of
the feasibility of using a common stage, with minimum modification, for alternate
space missions. Task VI was the identification of attitude control system requirements
for the missions and configurations considered in Task IV. This volume presents the

results of Tasks IV and VI. Tasks I, II, and IIl are discussed in Volume II.
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Section 1
PROPULSION STAGE COMMONALITY

1.1 INTRODUCTION

The purpose of the propulsion stage commonality task was to: (1) investigate the
feasibility of utilizing a common stage, with minimum modification, for alternate
space missions and (2) to assess the sensitivity of commonality objectives to propellant
combination selected. In the analysis the basic propulsion stage structure, propellant
tanks, and engine systems were designed for a Mars orbiter mission. For other
missions the basic stage remained essentially fixed, with insulation, surface coatings,
pressurization system and meteoroid protection varied to suit the mission require-
ments. Propellant tank sizes were fixed by the Mars orbiter mission and propellant

loading was varied for other missions if this improved performance.

The baseline propulsion stage was designed for orbit injection at Mars of a Mars
orbiter sized for interplanetary injection by a Titan INID/Centaur launch vehicle. The

mission description and propulsive maneuvers required are as follows:

1973 Mars Orbiter/Lander

205-day duration with 195-day interplanetary trip, and orbit trim
after 10 days in orbit about Mars

6,950 ft/sec. total velocity required of the stage

Parking orbit ascent mode to 100 nm with up to 90 min, in earth orbit

Four propulsive steps are:

First midcourse = 50 ft/sec @ T = 3 days
Second midcourse = 17 ft/sec @ T = 165 days
Orbit insertion = 6555 ft/sec @ T = 195 days
Orbit trim = 328 ft/sec @ T = 205 days

LOCKHEED MISSILES & SPACE COMPANY
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Three propellant combinations were considered in detail, including one cryogen (F2/H2,
pump fed), uvue space-storable (FLOX/CH4, pump fed), and one Earth-storable (N2O4/
A-50, pressure fed). In addition one pressure fed space storable (OFz/B2H6) stage
was examined to a lesser extent, Three engine companies — Aerojet-General, Pratt
and Whitney Aircraft, and Rocketdyne provided technical data for the propellants and

engine systems used in this task.

The basic study approach for the task is shown in Fig. 1. This approach was taken in
order to develop and evaluate a commonality stage in an iterative manner. A propulsion
module was first defined and its propulsion requirements determined for the Mars
Orbiter mission. This was accomplished by utilizing the Mars Orbiter spacecraft and
optimized pump-fed propulsion stage configurations issuing from contract NASw-1644
Phase I and scaling them to match the capability of a Titan IIID/Centaur launch vehicle
to perform the nominal Mars Orbiter mission. This included the configurations utiliz-
ing Fz/H2, FLOX/CH4, OF2/B2H6 and N, 0 4/A—so propellants. The stage was also
resized to adapt to the 10-foot diameter Centaur., Payload weight and dimensions were
scaled down accordingly, but no attempt was made to reconfigure the spacecraft or to
analyze spacecraft details such as capsule payload requirements vs aerodynamic drag

parameter.

An analysis was then made to determine the feasibility of using the commonality stage

to perform the following missions when launched from Earth by the Titan IITD/Centaur:

(a) Mars Orbiter-Orbit Injection Stage (Baseline)

(b) Venus Orbiter-Orbit Injection Stage

(c) Lunar Cargo Delivery-Orbiter/Lander Stage

(d) Jupiter Flyby-Earth Escape Stage

(e) Solar Probe to 0.20 AU-Earth Escape Stage

(f) Mars Orbiter — stage sized to Titan IIID/Centaur but used on
Titan ITID with ascent burn

(g) Mars Orbiter — ascent burn and orbit inject stage optimized for
Titan TIID/Centaur

(h) Jupiter Orbiter — orbit injection stage used first at Earth in ascent

burn mode

LOCKHEED MISSILES & SPACE COMPANY
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The characteristics of the selected missions were defined and payload capabilities of

the commonality stage in performing these missions was estimated,

Having established that the commonality stage payloads were potentially very attractive,
the commonality stage design was initiated. The basic structural, propulsion, and
thermodynamic characteristics were defined in detail and an optimization procedure
was carried out to completely describe the design parameters and performance char-
acteristics of the Mars orbiter vehicle. This module was then flown on the other
selected missions and a new optimization computed allowing the insulation thickness,
pressurization requirements, and ullage volume to vary. Preferehtial spacecraft
orientation and shadow shielding were used where advantageous. Modifications required
to the propulsion stage structure, insulation, propellant loadings, etc., were identified
and mission performance recalculated to determine a refined payload capability for
each stage and mission combination. Concurrently, optimum sizing for stages used

in the ascent-burn mode at Earth departure prior to use for midcourse corrections

and for orbit insertion at Mars were determined. Payload capability in Mars orbit

for a stage sized to Titan IIID/Centaur, but launched by Titan IIID and used in the

ascent burn mode, was also determined,

Finally, the commonality characteristics were evaluated and the commonality concept
analyzed. This was accomplished by making a detailed comparison of the relative
performance, operational, and complexity/simplicity advantages of each propellant

combination, in comparison with the remaining propellants, for each mission.
1.2 INITIAL STAGE SIZING

The first commonality subtask was to size the Mars orbiter spacecraft and propulsion
stage to the capability of the Titan IIID/Centaur. It was also necessary to develop
scaling laws and to define requirements for use in later detailed thermal, structural,
design, and performance optimization analyses. The ground rule for stage sizing was
that the Mars orbiter of Phase I be scaled to fit the dimensions and performance
capability of the launch vehicle of Phase II. In Phase I the propulsion module was

LOCKHEED MISSILES & SPACE COMPANY
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sized so that two Voyager spacecraft could be launched on a single Saturn V booster.
In Phase II, a single spacecraft launched by the Titan IIID/Centaur was assumed, and
a size and weight reduction for the orbiter and propulsion module was therefore

required.

The stage sizing was accomplished by optimizing the Mars orbiter vehicle for each
propellant combination and within the Titan IIID/Centaur booster capability shown in
Fig. 2. This figure indicates that a payload of 9700 pounds can be injected to the
Mars transfer velocity of 38,540 feet per second. This 9700 pounds encompasses the
payload, spacecraft, and propulsion module. Only the propulsion module design was
analyzed in detail while the spacecraft, science, capsule, etc. were lumped as useful

payload.

The first parameter examined in the analysis was the engine thrust/weight (T/W) effect
for each propellant and vehicle combination. By NASA ground rule the Fz/ H2 and
FLOX/CH4 systems utilized pump-fed engines and the OFZ/B2H6 and N204/A—50
systems utilized pressure-fed engine. The vehicle payload was computed for various
T/W values with normalized values of inert weight fraction (y'). Specific Impulse
(Isp), Mars arrival energy, and stage velocity (AV) were fixed. These data were then
plotted and are presented in Figs. 3 and 4. The plots include several values of Isp
in order to cover several propellant combinations and to determine the gravity loss

effectof I__.
sp

Figure 3 shows that the maximum payload values for the pump-fed systems were

fairly independent of the thrust/weight parameter for values of thrust/weight above
0.45 to 0.50, The pressure-fed systems were insensitive to thrust/weight values
above 0.35 to 0.40, as seen in Fig. 4. From these plots a thrust value of 5,000 pounds
were selected for the pump-fed systems and 3500 pounds for the pressure-fed systems,
with throttling to 500 pounds assumed as a requirement. The pressure-fed engine

thrust was selected on the low end of the range in order to minimize size.
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Engine data were solicited from the engine manufacturers for the chosen engine sizes
and types, while for interim use, engine data from Phase I were scaled down for use
in a preliminary assessment of the general performance level of the new stage. The
scaled down data are shown in Table 1 along with the favored vehicle orientation for

each propellant combination.

Table 1

VEHICLE ASSUMPTIONS FOR PRELIMINARY SIZING
OF A COMMONALITY STAGE

Feed Thrust Mixture Ratio Isp . .
Propellant Type (b) (O/F) (sec) Orientation
FZ/HZ Pump 5,000 13/1 465 Sun on Capsule
FLOX/CH 4 Pump 5,000 5.75/1 406 Sun on Capsule
OFz/BzHe Press. 3,500 3.82/1 412 Sun on Capsule
N204/A—50 Press. 3,500 2/1 316 Sun on Tank

Subsequent to the selection of preliminary propulsion characteristics, stage concepts
were developed based on Phase I designs. Configurations using four spherical pro-
pellant tanks were assumed for all except Fz/ HZ' For the Fz/ H2 system one arrange-
ment with four spherical tanks, and a second arrangement with an ellipsoidal hydrogen
tank and two spherical fluorine tanks were evaluated. The system with the ellipsoidal
tank had the lowest stage inert weight and was consequently selected. All tanks were
designed with 2021 aluminum and were supported by laminated fiberglass struts. The
basic vehicle structure was also designed with an aluminum space frame. Each tank
was individually insulated with multilayer double-aluminized mylar and Tissuglas
spacers and protected from meteoroids by a dual-wall aluminum shield. Pressuriza-
tion spheres were assumed stored inside the propellant tanks for cryogens and space
storables, but could be stored externally if enclosed within the main tank insulation.
No thermodynamic analysis was conducted for this initial stage sizing but design data
adapted from the Phase I results were utilized. Preliminary drawings were made,
but are not presented since they are essentially unrefined versions of the final layouts
shown later in Section 1.5.
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Preliminary weights were generated for the alternate concepts for use later in detailed
performance analyses. These preliminary weights and payload capabilities for the
Mars orbiter are shown in Table 2,

Table 2 '

PRELIMINARY WEIGHTS AND PAYLOAD CAPABILITIES
FOR A MARS ORBITER

Propellant F2/H2 FLOX/CH, | OF,/B,H, | N,O 4/A-50
Injected Weight (1b) 9700 9700 9700 9700
Propellant Load (1b) 3609 4008 3963 4704
Propulsion Module Inert
Weight (1b) 918 869 1002 1030
Payload to Mars Orbit (Ib) 5173 4823 4735 3966

These results showed that using the new criteria and fixed initial weight yielded per-
formance characteristics, on a propellant comparison basis, very similar to that
computed in Phase 1. The Fz/ H2 system had the best performance, followed closely
by FLOX/CH 4 and OFz/BzH
than the others.

6 The N,0 4/A—50 system payload was significantly lower

The Mars orbiter propulsion module defined above for each propellant combination
was then evaluated to see how well it could perform the broad spectrum of space

missions of interest.

1.3 MISSION AND STAGE REQUIREMENTS DEFINITION

With the preliminary definition of a Mars Orbiter propulsion module completed, and
attractive performance promised for the specified alternate missions, the next step

was to define these missions in greater detail and to state the requirements each

mission placed on the commonality stage. The missions, a Mars Orbiter/Lander,

11
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Lunar Cargo, Venus Orbiter, Jupiter Orbiter, Jupiter Flyby, Solar Probe (0.2 AU)

are summarized in Table 3 and described in the following paragraphs.

Table 3

CHARACTERISTICS OF ALTERNATE MISSIONS

Injection
Velocity Time to Stage-AV! _ Number
Mission Launch Departin Final Burn After Injection | of Burns
Year p g at Earth Expected
Earth (days) (ft/sec)
(ft/sec)
Mars Orbiter 1973 38,540 205 6,950 4orb
Lunar Cargo 1975 36,027 3 9,006 4
Venus Orbiter 1976 38,339 170 7,200 3
Jupiter Orbiter 1980 47,361 900 6,726 4
Jupiter Flyby 1975 46,600 hours 0 1
Solar Probe (0.2 AU) 1977 55,000 hours 0 1
*Grand Tour of
Jovian Planets 1977 47,900 hours 0 1
*Earth Synchronous
Equatorial Orbiter 1975 33,660 hours 5,991 1

*These missions were added to the matrix specified, but no detailed description or

analyses are provided.

1.3.1 Mars Orbiter Mission

The Mars Orbiter Mission, described earlier, is designed to obtain data from orbit

about Mars and from a capsule andgg on the Martian surface. The spacecraft includes

an orbiter and a lander, both of whith gre placed in orbit about Mars by the common-

glity stage. The mission description and propulsive maneuvers required of a

12
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spacecraft launched by Titan IODD/Centaur to an injection velocity of 38,540 ft/sec are

as follows:

Mission year 1973

e 205-day duration with 195-day interplanetary trip, and orbittrim
after 10 days in orbit about Mars

e 6,950 ft/sec total velocity required of the stage

Four propulsion steps are:

First midcourse = 50 ft/sec @ T = 3 days from launch
Second midcourse = 17 ft/sec @ T = 165 days

Orbit insertion = 6555 ft/sec @ T = 195 days

Orbit trim = 328 ft/sec @ T = 205 days

An additional use for the commonality stage for a Mars Orbiter Mission is in assisting
the launch vehicle to achieve the required 38,540 ft/sec injection velocity at Earth.
This mode, called ascent burn, was assumed for a spacecraft launched by Titan IIID
without Centaur. It was also used for a spacecraft launched by Titan IIID/ Centaur,

but with increased propellant loading over that required for post-injection burns.
1.3.2 Lunar Cargo Mission

The Lunar Cargo mission is primarily a resupply lander to support manned activities
on the Iunrar surface. It could be initiated as soon as a high energy upper stage is
developed, probably 1975 at the earliest. The basic mission profile would include a
launch with the Titan ITID/Centaur to an injection velocity of 36,027 ft/sec. The
propulsion module would first be utilized for midcourse maneuvers with the engine
throttled to 500 pounds thrust. The first midcourse maneuver is scheduled for 38 hours
with a AV of 40 feet per second, and the second maneuver at 68 hours with a AV of

28 feet per second. The primary maneuver consists of two parts, orbit acquisition

and descent. The orbit acquisition occurs at 74 hours and requires a AV of 3195 feet
per second, and the landing maneuver occurs at 81 hours and requires a AV of 5811

feet per second, and continuous throttling capability.

13
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1.3.3 Venus Orbiter Mission

The objective of the Venus Orbiter mission is to obtain detailed information about the
atmosphere of Venus. The spacecraft includes both an orbiter and a lander. The
lander is considered as part of the payload in this study. The mission opportunity
considered in this study was for the year 1976, The propulsion requirements vary
from opportunity to opportunity but 1976 is typical and a likely initial flight. The
booster is again the Titan IIID/Centaur, providing an injection velocity of 38,339 ft/sec.
The propulsion module would be used only for midcourse maneuvers and orbit injec-
tion. The first midcourse correction occurs after 7 days and requires a AV of 50 feet
per second, and the second midcourse correction occurs after 155 days with a AV of

17 feet per second. Both midcourse corrections are conducted with the engine throttled
to 500 pounds thrust. The primary maneuver consists of the orbit injection maneuver
requiring a AV of 7200 feet per second. This provides an elliptical orbit with good

observational capabilities. No orbit trim maneuver is specified.
1.3.4 Jupiter Orbiter Mission

The objective of the Jupiter Orbiter mission is to obtain initial detailed data describing
the atmosphere and magnetic field of Jupiter. The initial flight for such a mission is
postulated for 1980 and all mission requirements are based on that opportunity. Other
opportunities would have slightly different requirements. The booster is again the
Titan IIID/Centaur and a combination of launch vehicle plus commonality stage burns
provides an injection velocity of 47,361 ft/sec departing Earth. This use of the space-
craft stage in the launch stage is called ascent burn. The AV contribution of the pro-
pulsion module to the ascent burn is a variable that is affected primarily by the pro-
pellant selected in the propulsion module. There are three midcourse corrections
which are accomplished with a throttled engine. They occur after 7, 100, and 850 days,
and require a AV of 50, 17, and 17 feet per second, respectively. The orbit injection
maneuver of Jupiter is the final propulsive step conducted at full thrust to provide a
AV of 6642 ft/sec. This final burn takes place 900 days after launch from Earth,

14
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1.3.5 Jupiter Flyby Mission

The objective of the Jupiter Flyby mission is to initiate exploration of interplanetary
space beyond Mars and to obtain data in the vicinity of Jupiter. This flyby mission is
typical of a broad range of direct ascent missions in which the propulsion module is

the last stage in the ascent stack and the mission energy requirements dictate the
mission payload. The first opportunity for this mission is likely to be 1975, and the
injection velocity departing Earth is 46,600 ft/sec. The commonality stage is discarded

after this one burn,
1.3.6 Solar Probe (0.2 A.U.) Mission

The objective of the Solar Probe mission is to obtain in situ measurements of the solar
environment. This is also a direct ascent mission in which the propulsion module
becomes the last stage in the ascent stack. It is used to achieve the required injection

velocity of 55,000 ft/sec. Following this one burn the stage is discarded.
1.4 PRELIMINARY PERFORMANCE ESTIMATES FOR ALTERNATE MISSIONS

In the initial stage sizing analysis a propulsion stage for the Mars Orbiter was defined

and the weights shown in Table 4 for inerts and propellant were calculated.

Table 4

PRELIMINARY STAGE WEIGHTS

Inert Weight Propellant Weight
Propellant (Ib) (Ib)
Fz/Hz 918 3610
FLOX/CH 4 869 4008
0F2/B2H6 1002 3963
N,O 4/A-so 1030 4705
15
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This stage, described in Section 1.2, was then flown on the missions defined in

Section 1.3 and the mission payloads calculated. The stage weights together with
specific impulse values previously listed in Table 1 were used to calculate the alternate
mission performance capabilities without specific thermodynamic analyses. The pay-
loads obtained are presented in Table 5. For the Jupiter Orbiter mission shown, two
commonality stages were assumed used. One stage, fully tanked, was used to increase
the booster injection capability, and the other stage was used to perform the post-
injection maneuvers. The second stage was off-loaded, with a propellant load of 42 per-
cent for the FZ/HZ system decreasing to 30 percent for the N204/A—50 system. In

the detailed analysis performed later it was found that the Jupiter Orbiter performance
could be improved by using only one commonality stage for both ascent burn and orbit

injection.

The significant conclusions from this preliminary analysis were that: (1) all of the
missions considered could be performed by a common stage designed to the Mars
Orbiter requirements, and (2) a detailed thermal/structural/design analysis should
be conducted for this common stage to refine the design, confirm the preliminary
findings, and uncover any major problems. This detailed analysis is discussed in the

following sections.
1.5 DETAILED STAGE DESIGN AND ANALYSIS

A detailed design analysis of the commonality stage was conducted with F2/ Hz, FLOX/
CH 40 OF2/B2H6, and NZO 4/A—50 propellants using the Mars orbiter mission as the
basis for a design optimization. The preliminary configuration layouts were refined
and structural and weight analyses conducted. Engine data supplied for this task by
the supporting rocket engine companies was evaluated and engine performance, weight,
and design conditions were selected for the analysis. A detailed thermodynamic
analysis was made in which all configurations were modeled, energy balances deter-
mined, and a system optimization conducted for each mission and propellant combina-
tion. The performance of each propulsion module for each mission and propellant
combination was then determined and final designs including weights of each of the

elements of the propulsion module, were established.
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The designs and analyses conducted are defined in the following paragraphs.
1.5.1 Performance of an Ascent Burn Stage

A requirement for ascent burn capability for the commonality stage was not identified
until the task analysis was well under way, thus no preliminary screening analysis
was conducted. It is therefore necessary to insert at this point a discussion of the
impact of introducing a stage with ascent burn capability at Earth. This stage must
assist the launch vehicle in achieving the required interplanetary injection velocity
when departing Earth, then continue on the mission to provide midcourse corrections,

orbit insertion at the planet, and orbit trim maneuvers.

There were two basic cases to be considered, a Mars orbiter and a Jupiter orbiter.

It also appeared that a Mars orbiter launched by the Titan IIID booster without Centaur
was a very interesting combination if the commonality stage could assist in the Earth
departure phase. Figure 5 shows the payload capability for these three missions as a
function of commonality stage propellant load. This figure identifies the Fz/ H2 per-
formance which is typical of all the cases. The first point to consider is the no-ascent-
burn baseline Mars orbiter indicated by a circle on Fig, 5. This system, with approx-
imately 3600 pounds of propellant, yields a payload of over 5000 pounds. As the
propellant is increased for the Mars mission the AV imparted by this stage during the
ascent burn increases, but the payload is relatively flat and finally decreases for pro-
pellant loads above 6000 pounds. Considering that this stage could also be used for a
lunar lander and that for the Iunar mission a propellant load larger than for the Mars
orbiter baseline is desirable, a 6000-pound propellant load system was selected as

one point for analysis of the ascent mode. This analysis was restricted to pump-fed
17‘2/H2 and FLOX/CH4 systems.

Figure 5 also indicates that the baseline commonality stage has a propellant load that
falls almost exactly on the maximum payload point for an ascent burn Jupiter orbiter.

This basic stage was analyzed both for a Jupiter Orbiter and for the ascent burn Mars

18
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mission launched by Titan ITID without Centaur. The desirability of this mode for the
later mission is that a payload of more than 2000 pounds could be delivered and the

cost of the Centaur could be saved for early missions.

Design details and performance figures for ascent burn stages are discussed in the

following sections in combination with the basic systems.
1.5.2 Stage Design

The detailed stage design consisted of developing concepts, conducting a structural
analysis, determining parametric system weights, and defining a propulsion module.
The interrelationships of the various elements of the stage design are shown in Fig. 6
where Family A represents the baseline stage and Family B the larger stage with

6000 1b of propellant. The propulsion analysis is independent of this and is not iterative
since the design data were based on the earlier stage sizing analysis. The basic
elements of the design analysis (structural, thermodynamic, propulsion, and perform-

ance analysis) are described in the following sections.

1.5.2.1 Basic Data. The stage design analyses were performed using the following

basic data and assumptions.,

Mission Data. The missions evaluated are those described in Sections 1.3. The Mars

Orbiter is the baseline mission for which the commonality stage is sized. This stage
is then flown on the remaining missions with minor changes to insulation, meteoroid

shielding, and pressurization gas volume.

Propulsion System Data. The engine system requirements were based on the Mars

Orbiter mission profile, duty cycle, vehicle size, and thrust-to-weight analysis.
Although no specific emphasis was given to ascent burn for the thrust level determina-
tion, the thrust level selected in the analysis is adequate for ascent burn also. The

basic engine was assumed to handle all the secondary propulsion requirements such as

20
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midcourse and orbit trim maneuvers by means of throttling. For Fz/H2 and FLOX/
CIIZ. pump-fed regeneratively cooled engine systems were specified and for OF2'/B2HG
and N204/A-50, pressure-fed ablatively cooled engine systems were specified.  For
the two pump-fed engine systems a primary thrust level of 5000 pounds was selected
and for the pressure-fed engine systems a primary thrust level of 3500 pounds was
scleeted. The scondary thrust level of 500 pounds was chosen for all systems, to be
obtained by step-throttling. Step-throttling is satisfactory for all except the Lunar
Cargo mission which will require continuous throttling. For the pump-fed engine sys-
tems an expansion ratio of 100 was assumed and for the pressure-fed systems an
expansion ratio of 60 was selected in order to hold the stage to a reasonable length.
Still lower expansion ratios might be required for the pressure-fed system if the

stage length were limited.

These engine requirements were transmitted to Aerojet-General Corporation, Pratt &
Whitney Aircraft, and Rocketdyne. These engine companies provided design data,
performance, weights, and dimensions based on the requirements specified by
Lockheed. The weights of pressure-fed engine systems with ablative chambers are
very dependent upon duty cycle and burn time. The weight data in this report is there-

fore based on the specific Mars Orbiter mission requirements.
The data obtained from the engine companies was analyzed and compared with the
Phase I parametric data and reviewed for consistency between engine companies. The

propulsion data selected for the commonality stage are presented in Table 6,

Vehicle Configuration Data. The vehicle configurations were based on the engine sys-

tems described in Table 6 and the propellant loadings and design constraints described
below. The propellant loadings shown were obtained by adjusting the preliminary

sizing data to account for revisions in specific impulse.

”The spacecraft is a scaled down Voyager, ten feet in diameter, with payload varied as
a function of propellant. The propulsion module has a single engine, a dual-wall
meteoroid shield, and is thermally protected by multilayer insulation of double-
aluminized mylar with Tissuglas spacers and by filament-wound fiberglass tank support

struts.
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Table 6
ENGINE DESIGN AND PERFORMANCE CHARACTERISTICS

Parameter F,/H, FLOX/CH, OF2/B2H6 N,0 4/A—so
Thrust, 1bf 5000 5000 3500 3500
Mixture Ratio, O/F 12 5.25 3.0 1.6
Engine Feed Pump Pump Pressure Pressure
Expansion Ratio 100 100 60 60
Chamber Pressure, psia 800 800 100 100
Min. Tank Pressure, psia 20 20 155 155
Engine Weight, 1b, 98 98 153 151
Engine Length, in. 43.7 44.1 62.1 63.3
Exit Diameter, in. 20,7 21.0 38.0 39.0
Primary Isp’ sec. 464 402 397 311
Throttled Isp’ sec. 428 371 362 290

The initial propellant loadings are shown in Table 7.

Table 7

INITIAL PROPELLANT LOADINGS

Propellant Loading (Ib)

Propellant Baseline Alternate
Systems Systems

FZ/HZ 3600 6000
FLOX/CH4 4000 6000
OF2/ BZHG 4100 -
N,O 4/A—50 4900 -
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Booster Data. The booster specified is the Titan IIID/Centaur with an injection capa-

bility for the baseline Mars mission of 9700 1b. Generalized performance capability

was shown earlier in Fig. 2.

Design Criteria. The design criteria on which the analysis is based are described

below,

Load Factors

® Launch — Axial at max. acceleration: 4 g
Axial at rebound: -1.5¢g
Lateral: £1.5 g

® Orbit Insertion — Axial 1 g

e Orbit Trim — Axial .1 g

Design factor of safety = 1. 25 to ultimate stress at zero safety margin. Check for no

yield at limit which equals 1.1 times maximum applied load.

Meteoroids

® Flux model and penetration model — Ref. 1 and 2, of NASA CR 96988,
Lockheed K-19-68-6, Vol. II.

e Probability of no penetrations = 0.99

® Propellant tanks are not to be used as part of the shield

Materials
® Tanks — welded aluminum 2021, room temperature allowables
Tank supports — low-heat-leak filament-wound fiberglass
e Insulation — smooth double aluminized mylar with Tissuglas spacers —
Density = 2.3 Ib/ft>
Missions

e Insulation, meteoroid shield, and pressurization system are designed
for each mission

e All other hardware including propellant tanks are constant for all missions
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1.5.2.2 Configuration Description. The configuration design analysis consisted of

developing the design concepts, analyzing the structural elements, and developing the

basic system weights.

The differing properties of the candidate propellants suggested that the vehicle design
be grouped into two general categories. The low density of the H2 in the F 2/H2 pro-
pellant led to one design concept while properties of the remaining propellants led to a

second general design as described below.

Two general propulsion stage configurations were studied for the F2/ H2 propellant
combination. These included a four tank arrangement in which the hydrogen tanks
were cylindrical in shape and a three tank arrangement which incorporated a single
ellipsoidal hydrogen tank and two spherical fluorine tanks. Preliminary analysis
indicated that the latter design was simpler and lighter although it produced a some-

what longer stage. This latter design was chosen for the detailed analysis and is

shown in Fig. 7.

The IT‘Z/H2 design utilizes an aluminum space frame, and an aluminum reinforced
cruciform beam which supports an aluminum thrust structure. Aluminum tanks are
supported by fiberglass struts with high thermal resistance. The propulsion module
supports the payload and is in turn carried by the Centaur interstage. The launch
vehicle shroud extends down to the interstage so that no air loads are transmitted to

the propulsion stage. This design approach was followed for all vehicle concepts.

The FLOX/CH 4 vehicle, which is typical of the non-hydrogen designs, is shown in
Fig. 8. This design utilizes four spherical aluminum tanks supported from a space
frame consisting of a reinforced cruciform beam surrounded by an octagonally shaped
frame. This arrangement allows for a maximum view of space for the propellant
tanks and a direct alignment of the propulsion module with an octagonally shaped pay-
load. Each propellant tank is individually insulated and has its own meteoroid shield.
The dual-walled meteoroid shield is external to the insulation, providing a good base
for appropriate surface coatings and yielding a light-weight design. A multilayer
insulation blanket is mounted between the propulsion module and the payload and is
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wrapped around each propellant tank to help control the thermal environment of the
propellants. The insulation thicknesses and surface coatings on the tanks can be
readily changed to adapt the stage to the operating conditions required for the various
mission and propellant combinations. Tank support struts are also wrapped with

insulation.

The OF2/B2H6 design is esscntially the same as the FLOX/CH4 design concept and
is shown in Fig. 9. The primary difference is that this is a pressure-fed system and

the engine and pressurization tanks are larger.

The N204/A—50 design is similar to the OFZ/BZHG design and is shown in Fig. 10.
For these Earth storable propellants the pressurization spheres are stored outside of

the propellant tanks.

The 6000-pound propellant load propulsion modules are variations of the basic design
and provide a more optimum stage for use in the ascent burn mode. Figure 11 shows
the 6000 1b Fz/ H2 system which incorporates a larger ellipsoidal hydrogen tank and
four spherical fluorine tanks. The 6000 lb FLOX/CH4 system, shown in Fig. 12
utilizes cylindrical sections in the FLOX tanks and slightly larger spherical Methane

tanks.

The structural analysis included a detailed static load stress analysis of all structural
elements. The analysis encompassed all mission phases and payloads. Conservative
material properties were utilized throughout in order to present performance data which

is attainable.

Inert weights. The propulsion module weights were divided into propellant sensitive

and fixed weights. The basic structure was divided into a basic frame, tank supports,
attachments, and bulkhead insulation. The basic frame and tank supports are some-
what propellant sensitive and are therefore varied with propellant load for each design

concept. The attachments and bulkhead insulation are assumed to be constants. The
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tanks, meteoroid shield, and tank insulation were varied with propellant load. Tank
weights are also a function of system pressure, and insulation weight is a function of
the optimization solution. The meteoroid shield is a function of both tank size and
mission. The pressurization system consists of a fixed plumbing network plus a
variable tank size based on the pressurization requirements for the mission. The
engine system weight is fixed for each propellant combination. The sum of all of
these items constitute the dry inert weight of the propulsion module and a 10 percent

contingency is added to these weights in order to cover unknowns.

The fluid residuals consist of the liquid and vaporized propellant remaining at the end
of the mission and the helium pressurant gas. These residuals include outage, load
tolerance, propellant utilization, and line entrapment, plus a performance reserve of
1 percent AV incorporated as a contingency for low specific impulse. All of these

items are included in the total inert weight of the propulsion module.

Tank and structural weights were based on the program ground rules and general
design practice. Valves, plumbing, and pressurization system hardware was sized
for each propellant and each configuration in order to make the comparison between

propellant combinations as accurate as possible.
The remaining weight elements are the impulse propellant and payload. These values
vary for each mission, and weight statements for each propellant and mission combina-

tion are therefore presented under performance — Section 1.7 and in Appendix C.

Fluid Systems. The propulsion fluid systems were developed to meet propulsion

requirements in a simple and effective manner as described in Section 1.6 of Volume II.
Fluid systems schematics for earth-storables, space-storables and cryogens are
presented in Figs. 13, 14, and 15 respectively. Pressurant tanks for the cold pro-
pellants are shown buried in the oxidizer or fuel tank on the diagrams as analyzed,

but could be external and encapsulated with the propellant tank for thermal protection

if desired.
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1.6 THERMODYNAMIC DESIGN AND ANALYSIS
1.6.1 Introduction

Thermodynamic optimization studies were conducted to establish the performance
achievable for the propellants and missions under consideration. These studies in-
volved computation of heat transfer, propellant temperature response, pressurization

system requirements and determination of optimum values for all thermal/structural
parameters. Propellants investigated were:

Fo/H,

FLOX/CH 4

OF ,/B,H,

NZO 4/A—50
Table 8 presents the mission characteristics which significantly affect thermal/

structural parameters.

Table 8

THERMODYNAMICALLY SIGNIFICANT MISSION CHARACTERISTICS

.. Duration Ascent Total Solar

Mission (Days) Burn Burns Arrays
Mars Orbiter 205 No 4 Yes
(Baseline)
Venus Orbiter 170 No 3 Yes
Lunar Orbiter 68.5 Hours No 4 No
Jupiter Orbiter 900 Yes 5 No
Mars Orbiter 205 Yes 5 Yes
(on Titan ITID)
Mars Orbiter 205 Yes 5 Yes
(6,000 1b Propellant)
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The techniques employed in conducting the thermodynamic and performance analyses
in the commonality stage task were improved considerably over the methods used pre-
viously. A Thermodynamic Optimization Program (TOP) developed with Lockheed
independent development funds was utilized for this task. This program, unlike its
predecessors, provides a capability for conducting optimization analyses with any
number of simultaneously varying parameters. This constitutes an improvement in
efficiency and accuracy over previous methods where parametric analyses were con-
ducted by varying each parameter one at a time and selecting optimum values by

graphical techniques,

The overall analysis approach involves defining the environment and configuration,
determining temperature distributions and the resultant propellant heating. and
optimization of the thermal protection and pressurization systems. The temperature
and heat transfer analyses are conducted by establishing thermal mathematical-models
for each propulsion module configuration and using a thermal analyzer program
(THERM) to solve the heat transfer problems. Using the temperature response
information determined with the THERM program, optimization analyses are con-
ducted with the TOP computer program to establish the optimum values of insulation
thickness, ullage volume, tank pressure, pressurization gas requirements and inert

weights.
1.6.2 Thermal Model Development

Two basic thermal models were developed, one to represent the configuration which
has four spherical tanks and one to represent the ]5‘2/H2 configuration. Outline
sketches of these configurations are shown in Figs. 16 and 17 which also include
external surface finishes and the number of elements (nodes, resistors) in the thermal
network. Figures 18 and 19 show simpiified thermal conduction networks. These
networks are not representative of the total number of elements in the networks
analyzed, but are presented to illustrate the kinds of elements considered and the
manner in which they interact. Surface fipishes were not optimized, but favorable
values were selected based on experience and are near optimum. For example,
emittance values for the forward bulkhead were defined as low values near the center

of the module and high near the periphery. External surface emittance is low on the
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forward surface of the tanks and is high on aft surfaces which can radiate to space.
Surface finishes assumed on structural elements were selected to minimize propellant

heating (or cooling where applicable).

Solar arrays have a very significant effect on tank surface temperatures and conse-
quently on propellant heating. The location of the arrays relative to the propulsion
module is indicated in Figs. 16 and 17, It was assumed that the solar arrays would
require a high-emittance aft-facing surface to minimize the array temperaturc and
raise the conversion efficiency. Solar array cooling is anticipated to be a problem
near Earth and at less than one AU, Propellant heating could be reduced by moving the
arrays forward or by insulating the aft facing surface. Each of these items would have

an impact on payload, however,

The equipment section was assumed to be maintained at 70°F (530°R) throughout all
missions considered. As in previous studies it was assumed that a thermal bulkhead
blanket consisting of one inch of multilayer insulation separates the payload and pro-
pulsion module. This thickness of insulation was not optimized. The same thermal
resistance could be provided with 5 radiation shields (not in contact with each other) if
shield emittances are 0,05 or less. Such a system might consist of aluminized mylar
sheets mounted to prevent contact between sheets. This shield could offer a weight

improvement over the one inch thick insulation bulkhead.

Tank support-strut heat leaks were computed on the basis of solid conduction in the
tube walls. Radiation within the hollow core of the struts is assumed to be negated by
packing with a glass fiber filler. Heat transfer through the multilayer on the struts is
assumed negligible. This assumption is conservative for the propulsion module which
is shaded from the sun because energy is actually lost by radiation from the outer sur-
face of the strut insulation. The strut material is assumed to be S-type glass fiber
with an average thermal conductivity of 0,26 Btu/hr-ft-°R.

Propellant line heat leak paths are included in the thermal model. The resistance of
each line is based on solid conduction in the line wall, Heat transfer through the line
insulation, and radiation within the lines, are assumed negligible. For the analysis,

feed lines for all propellants (except H2) are assumed to be filled with liquid up to the

engine valve. In the case of H2 a tank shutoff valve is assumed which results in a vapor
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filled feed line. Table 9 shows the thermal resistance of structural, line and insulation
elements and the relative amount of heat transfer contributed by each. Table 10 shows
temperatures of major elements in the ]5‘2/H2 and FLOX/CH4 systems. An example of
the external temperature distribution around the tanks and through the structure is shown
in Figs. 20 and 21 for F2/H2 and FLOX/CH4 systems. Note that the propellant isolation
valve temperature and average liquid propellant temperature correspond. The H2 sys-
tem was assumed to have a propellant isolation valve at the tank and an evacuated feed

line.

Comparison of heat rates through insulation, lines, and structure for the FLOX/CH4
system shows that the engine feed line is the greatest contributor of heat for the Mars
Orbiter mission. This results because the engine temperature remains well above the
propellant temperature in configurations which have solar panels. Also the engine is
assumed to have a high emittance surface. Heating through all lines other than the feed
line is very small in the FLOX/CH 4 system because temperatures in the module are
near the propellant temperature. Those missions which do not use solar panels have
no significant positive heating because source temperatures are generally less than the
temperature of the FLOX and CH4 .

The FQ/ H, system heat leaks are only slightly more significant. The feed line con-
tributes slight heating in the configurations which employ solar panels, while insula-
tion and structural penetration heat leaks are dominant. The solar constant variation
for all missions is shown in Fig. 22. TFor vehicle orientations where the propulsion
module is shaded from the sun, the solar arrays are the only elements of the model

which are directly exposed to the sun,

The temperature of the external surface of the tank insulation (actually external surface
temperatures of the meteoroid shields were used) is primarily a function of the external
environment. It is, however, somewhat a function of the inner boundary or liquid temper-
ature. The effect of the inner boundary temperature is taken into account. When the
"THERM" program is run to determine the insulation temperatures and heat flow rates,
computations are made for two thicknesses representing an estimate of the limits within

which an optimum will occur. These temperatures, though they are not significantly
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Table 9
MARS ORBITER

F2/H2 & FLOX/CH4PROPELLANT HEATING RATES

Propellant Resistor R(HROF/Btu) (AOTR) (BfU;hr) %q

R1 (Insulation) 62, 61.1 .985 71

R2 (Structure) 587. | 161.| .274 20

F, Ry (feed line) 340. 33.] .094 7
R4 (vent line) 3060. 13.| .037 less
Rg (fill line) 4190. 33.| .00l than

Rg (press.) 15300. 33. - 3

Ry (insulation) 130. 167.11.285 60

R2 (structure) 740. 487. | .659 31

) (feed line) 1785. 182. | .102 5

Ha | Ry (vent line) 4580. |208.| .045 ||,
Rs (fill line) 6120. 182. | .029 than

Rg (press. line) 18450. 182.| .010 5
Ry (He fill line) 18450. | 182.| .010

R, (insulation) 59. 14, | .240 34
Ry (structure) 900. 191, .212 30
R3 (feed line) 340. 80.( .235 34
FLOX | Ry (Vent line) 4900. | 30.| .0061 |f less
Rs5 (fill line) 4900. 30. | .0061 |y than

Rg (pres. line) 15300. 30. | .002 3

R, (insulation) 62. -10. [-.016 -7
R2 (structure) 1660. 152, | .092 39
R3 (feed line) 340. 42.| .124 53
CHy Ry (vent line) 4900. |-10.|-.0020 |[less
Rs (fill line) 6110. [-10. |-.0016 |} than
Rg (press. line) 15300. -10. | -.0006 |\ -2
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different, are an input to the optimization program (TOP) and in the process of optimiz-
ation, interpolations are made between the two values. The expression used for inter-

polation between the temperature values for the limiting thicknesses is:

Tax <Tmax ) - (At - At
. . - -1 e
i min | T

min min

where
Ti = temperature for thickness i
Tmax = steady state temperature for maximum thickness
min - steady state temperature for minimum thickness
At = insulation thickness

Figure 23 shows an example of the magnitude of insulation surface temperatures and
the effect of insulation thickness. Average surface temperatures are shown in Figs, 24
through 26 as a function of time for Fz/H2 and FLOX/CH4 systems for all missions
studied.

The multilayer insulation properties used are indicative of a composite consisting of
double-aluminized mylar with Tissuglas spacer material. The assumed packing density
is 100 layers/inch which gives a bulk density of 2.3 1b/ft3. The conductivity of this in-
sulation is given by the following expression:

2 .2
1.7a(T +T ) (T, + T )}t
12 2 h c h c
(100" (Tpy) + (N-1)2/< - 1)

K . =cq| 1.83x 10

eff

In the analysis the conductivity computed with this equation was multiplied by a factor ¢q
of 5 to account for installation or other degradation. This is a more conservative

approach than used in earlier studies where a factor of 2. 2 was used.
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where
o = Stephen-Boltzman constant, BTU/ HR-ft2-°R4
Th = warm side boundary temperature (°R)
T, = cold side boundary temperature (°R)
t = insulation thickness, ft
Ty = T+ T)/20R)
N = total number of insulation layers
€ = emittance factor = 0.036

This equation is also used in the TOP program so that the temperature dependence of

the insulation conductivity is accurately accounted for.

Considerable emphasis was placed on thermal model detail for the F / H and

FLOX/CH systems. Less emphasis was placed on thermal modelmg for N /A-50
and the OF /B 6
and hand calculations were employed to establish boundary temperatures for the N2 4

systems. Temperature data obtained from the FLOX/CH study

and OFZ systems. The N204 wag assumed to be oriented toward the sun; the OF2

system away from the sun,

Approximate values of a/e required on N204 and A-50 tank external surfaces were
determined by hand calculation and are presented in Table 11 for all missions, Figure27
shows the estimated external tank surface temperatures used in the NZO 4/A-50 and
OFZ/BZHG optimization analysis.

Table 11
04/A—50 TANK SURFACE CHARACTERISTICS

Mission a/e
Mars Orbiter (Baseline) 0.66
Venus Orbiter 0.41
Lunar Cargo 0.63
Jupiter Orbiter 2,2
Mars Orbiter (Titan IIID) 0.71
Mars Orbiter (Wp =6, 000 Ib) 0.66
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The temperatures for OFZ/B2H6 must be higher than for the F‘LOX/CH4 system and
are achieved by a reduction of insulation thickness between the payload and the propul-
sion module. The amount of reduction in insulation and increase in heat loss from the
payload have not been accurately determined. If heat loss from the payload were a
problem, an alternate solution could be employed. This consists of changes in tank

surface temperatures by decreasing the tank external surface emittance.
1.6.3 Thermodynamic Optimization Approach and Procedure

The thermodynamic optimization approach for the baseline Mars Orbiter vehicle is
directed toward achieving a specified velocity change, AV, with maximum payload for
a system with fixed initial total weight. Thermal effects on the weights of insulation,
tanks, residual vapor, propellants, etc., are calculated to determine propellant system
requirements for the lightest weight propulsion stage. The program computes perform-
ance, to check that the required velocity is met, by using the standard rocket equation

Winitial
AV = g Is In o —
p final
where
AV = gtage velocity increment
g = Earth gravitational constant
ISp = propulsion system specific impulse
Winiti al = initial stage weight
Wfin al final stage weight at burnout

The program can be used to compute the values of parameters, listed below, which give
the desired objective; i.e., maximum payload, maximum AV, minimum launch weight

or minimum inert weight,

¢ Insulation thickness
® Pressurization system weights
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Ullage volume (initial)
Tank operating pressure
Boiloff (if any)

Tank weight

Launch weight

Propellant required

The program contains two major sections; one which performs thermodynamic calcula-
tions and a second which performs the mathematical-optimization calculations. The
flow diagram of Fig. 28 illustrates the relationship of input information (outside dashed
line), the thermodynamic section, the optimization section and output routines. The
portion within the dashed line constitutes the "TOP" (Thermodynamic Optimization

Program).

The optimization analysis is conducted by an iterative process. As indicated by the
general flow diagram, mission information and results of the thermal analyzer study

to determine spacecraft temperature distributions are provided as input to the "TOP."
In order to initiate the analysis an estimate of tank sizes and propellant requirements
are computed within the program. The tank size is computed allowing for the impulse
propellants, unusable liquid residuals (known), propellant for a performance reserve
(normally for a percentage of AV), the volume occupied by pressurant spheres, if

any, and ullage. All inert weights are provided as input. Inert weights take two forms;
those which are fixed and those which are a function of propellant load. Based on the
initially sized propulsion module the iterative analysis is started.

The input to the thermal and pressurization analysis section of the program includes the
mission profile and environments. Details of the profile include the number of times
the engine is started, the velocity change during each burn, the duration of the burns,
time between burns, and times at which weight is dropped (i.e., ejection of payload or

capsule).
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Thermal calculations are made for each phase of the mission in sequence. Figure 29
illustrates the series of thermal calculations made for a set of given conditions. As
shown in Fig. 29 the thermodynamic and optimization parts of the program are itera-
tive. For the given set of conditions, thermal calculations are made for the entire
mission sequence. The performance of the system is computed after each time the
thermal calculations are completed. The process of thermal and performance calcu-
lations are repeated continually until the objective is achieved; i.e., maximum payload

or minimum inert weight.

An energy balance calculation routine is used to determine the propellant temperature
and pressure response due to both external and internal heat inputs. External tank sur-
face temperatures and the external temperatures corresponding to each line and pene-
tration heat leak are obtained from the thermal analyzer output and are provided as
inputs to the TOP. A subroutine in the TOP provides insulation conductivity as a func-
tion of temperature from which the thermal resistance of the tank insulation is computed.
Thermal resistance values for structural and line penetrations are computed separately

and provided as input to the TOP.

An energy balance subroutine is used to compute the effect of heating during the first
coast phase which establishes initial conditions for the first burn. The energy balance
expression, from which the propellant temperature (Tz) at the end of any given interval

is obtained, is:

Q-W.,h
Ty =Ty * W, - wW)Cyqy + e C ()
Wy W)Cpp * Wy * WCpy + &4
where:
T1 = liquid and ullage average temperature at initial saturated condition, °R
Q = heat transfer from external sources, i.e., insulation, structural and
line penetrations, Btu
Wx = weight of liquid vaporized, 1b
h)\ = heat of vaporization, average over interval from ’I‘1 to TZ’ Btu/1b
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WL = initial liquid weight, 1b
WV = initial vapor weight, 1b
Cop = specific heat (Cp) of liquid at average of T, and T,, Btu/1b°R
va = gpecific heat (Cp) of vapor at average of T1 and Tz, Btu/lb°R
CX = thermal capacity of propellant tank wall and pressurant storage

spheres in the tank, Btu/°R
The amount of liquid vaporized is computed from:

(P,) V

o 27 Tull
W?\ R/ T2 R WV
where
P, = vapor pressure at T,, lb/ft2
Z = compressibility factor, dimensionless
R = gpecific gas constant
_ 3
Vull = ullage volume, ft
The ullage volume is obtained by:
V. = V.- Vi - Wa
ull T p
where
VT = total tank volume, ft3
p = liquid density at T,, b/t

All propellant properties are stored in a computer subroutine as a function of tempera-
ture. All calculations are made by using the temperature-dependent property values.
By so doing, liquid density is always considered a function of temperature and there-

fore liquid expansion or contraction is taken into account,
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The manner in which the mission duty cycle is described as input to the program is
shown in Fig. 30. For the mission analyzed in this study the heating from external
sources was input in the form of temperatures which are constant over each of ten
time segments. The TOP program calculates the Q (equation 1) based on the external
temperatures and the temperature of the propellant. The engine burns are defined as
events 1, 7, 9 etc., and occur at specific times as indicated in the figure. At events
where there are no engine burns, the program performs a coast phase calculation only.
The AV and ISp for each burn are specified input. Thus, the propellant temperature
rise (or decrease), the liquid expansion due to heating, the change in ullage volume,
and amount of propellant vaporized or condensed is computed. The new bulk average

liquid and ullage vapor temperaturé is now known,

With conditions in the tank at the time for initiation of the 1st burn known, the amount
of pressurant required to provide the necessary NPSP is computed. This depends on

the ullage temperature, volume, and pressurant inlet flow rate.

Two options or routines exist in the program for the computation of pressurant require-
ments. First, and most often used in this study is a simplified routine in which an energy
balance is used to determine the effect of mixing the injected pressurant with the existing
ullage vapor (and pressurant from previous burns, if any). Heat transfer to the tank

wall and liquid is not computed in this routine, but is accounted for by applying an

empirical collapse factor obtained from other more rigorous analyses.

The second option is the use of the Epstein correlation which allows direct calculation

of heat transfer to the tank walls and liquid.

The first method has been employed. In this case it is necessary to compute the re-
quired mass of pressurant gas and resultant average ullage temperature which is neces-
sary to establish the required NPSP before the burn is started and to maintain it during
the expulsion period. The thermodynamic processes involved are constant volume for

pressurizing prior to expulsion and constant pressure during expulsion.

69

LOCKHEED MISSILES & SPACE COMPANY



K-21-69-9
Vol. I

1931qIQ SIB — 9[1J0dd soanjeraduwis], 90vlIng JueL TedtdA], 0f "Sd

SAVA -~ IWIL

051 ool : 0s 0

00¢
f» ' ! _

Ning __/

WIIL L1830 um%o%__ﬁ
NUNg 15¥14
IDICNI L0 yng  / ]
3S¥NOOAIW
ANOD3S
dOl —

NI @3SN NOILVYWIXO¥ddV
NANIVIIIWIL FIDOVAINS ANVL

dIZATVYNY TYWE3HL A8 QILINdWOD
(ZHT) NLVIIIWIL IDVHINS ANVL

0€C

ore

1,74

09¢

04¢

do — RNIVIIdWIL
70



K-21-69-9

Vol. II
The pressurant mass required is computed as follows:
AP - V
B ull
MR—<_—R-T 7 CF (2)
ull
where
AP = increase in partial pressure of pressurant, lb/ft2
4 = compressibility factor at T ull
Tull = ullage temperature, °R
CF = thermodynamic collapse factor

The mixed ullage gas temperature, T ull is a function of the amount of pressurant
added and therefore an iterative calculation procedure is required. The mixed ullage
temperature, which does not include heat loss to the liquid or tank walls (taken into
account by using collapse factor), is determined by:

Tg MyCvy + MpCpy) + Mg - ONTy,

Tar = My, * Cv, + MpCp, + M (CN, @)

where

TS = initial ullage temperature (°R)

Tin = pressurant inlet temperature (°R)

MV = mass of vapor (Ib)

Mp = mass of liquid (Ib)

MN = mass of pressurant (1b)

CV1 = gpecific heat of vapor before pressurizing (Btu/1b °R)

Cp1 = specific heat of liquid before pressurizing (Btu/lb °R)

CN1 = specific heat of pressurant before pressurizing (Btu/1b °R)

Cv, = specific heat of vapor after pressurizing (Btu/lb °R)

Cp, = specific heat of liquid after pressurizing (Btu/lb °R)

CN2 = gpecific heat of pressurant after pressurizing (Btu/lb °R)
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Separate calculations are performed for the period prior to liquid expulsion and during
liquid expulsion, Expulsion of the propellant required to provide the appropriate AV

occurs, and the corresponding liquid and ullage volume changes are computed.

During prepressurization the specific heats are values for constant volume process

and during expulsion they are for a constant pressure process.

Immediately following the burn an energy balance subroutine is again used to determine
the propellant temperature response resulting from energy added to the system from
the heated pressurant and due to vaporization of some propellant to establish equilibrium

with the new (larger) ullage volume.

During the expulsion period it is assumed that liquid leaves the tank and the ullage
volume correspondingly increases, but that vaporization of liquid propellant into the
ullage space is negligible until after the burn is complete. After the burn, liquid con-
tinues to vaporize within the tank until the ullage and liquid come to an equilibrium
state., Vaporization can result in a significant decrease in liquid temperature particu-
larly in the case where a large quantity of liquid is expelled and little liquid remains
after the burn. The energy balance conducted to determine post-burn equilibrium con-
ditions in the tank accounts for energy addition to the system resulting from the heated
pressurant that was injected, and for both heat and mass transfer involved in the

vaporization process.

The temperature change (decrease) and amount of liquid vaporized in bringing the liquid

and ullage into vapor pressure/temperature equilibrium is computed as follows:

AWhA
T,-Ty = 6= W T TA7 T )
1 2 CPll W2+(WV+AW)1CPV+C_X
PV
AW = ——-——————TZR = - WV (5)
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where
T 1 = post burn liquid temperature before evaporation, °R
T2 = post burn liquid temperature after evaporation, °R
W1 = amount of liquid before burn, 1b
AW = amount of liquid vaporized, 1b
W2 = amount of liquid remaining after vaporization, 1b
WV = initial vapor weight, 1b
CPE = specific heat of liquid

The energy balance calculation is an iterative process. Estimates of T2 are made
and AW is repeatedly computed; when the estimated value of T2 is such that AW
from Eq. (4) and Eq. (5) match (within a given tolerance), the energy balance is

satisfied.

Equation (4) results in the temperature change which is caused by vaporization within
the tank. To account for the energy added to the system by injection of the heated
pressurant, the energy balance equation (1) is used. In this case the value of Q is

that energy added via the pressurant rather than from external heat sources.

The described sefies of energy balance and pressurization calculations are repeated
for each coast and burn phase in the mission., This then provides tank pressure and
weight for a given thickness of insulation. If the given constraint of A¥ or payload
(whichever is given) is achieved, the calculation is repeated Tor a lesser thickness of

insulation.

If at any point in the calculation an unfeasible situation results, i.e., insufficient ullage
volume, the calculation is terminated and restarted with an increase in the appropriate

variable which may be ullage volume, impulse propellant, or insulation thickness.

The definition of a starting point and the method used to converge on an optimum oper-
ating condition are discussed in the following paragraphs. Selection of initial values

for all variables is based on judgment, prior ed¥erience or trial runs. Given a set of
parameter values, the thermodynamic calculations are conducted in the sequence indi-

cated in Fig. 29. ,
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The basic approach to optimization is a '"box" search. Boundary, or limiting values
are assigned to all parameters; for example, insulation thickness limits may be set at
1/2" and 6", ullage volume at 2 percent and 20 percent and so on. The established
boundaries give an n dimensional envelope within which computations will be made. An
example of boundary values is shown in Fig. 31 for a simple two dimensional problem.
Constrai nts on the system may also exist such as, within some portion of the defined
region, propellant heating may tend to expand the liquid beyond the tank volume. This
is a physical constraint, An initial error search band is defined for each variable
which is the range over which calculations will be made. Checks are employed to de-
termine whether a point is located within an unfeasible range. If so, calculations at

the point are discontinued.

In Fig. 31 the box search approach is illustrated. The initial calculation and '"box"

are shown and the sequence of boxes utilized in progressing to the optimum point.

Calculations are made at nine points on each box as illustrated in Fig. 31. With n
variables this results in n3 calculations because all variables are perturbed over the
applicable range. After calculations on the first box are complete, and a point other
than the origin gives higher performance, the new point is selected for an origin in
establishing a second box with a tolerance range of 1/2 that of the previous box. This
process of selecting new points is continued until the optimum point is reached. The
optimum point is defined as that which lies within given minimum allowable tolerances

for all variables,

The input information required by the TOP is listed below for a typical study application.

Total AV required and AV for each burn

NPSP

Thermal resistance of lines and struts

Helium storage pressure

Propellant mixture ratio

Source temperatures for penetrations (output from THERM)
Valve tolerance (adds to NPSP if applicable)

Thrust level — used in flow rate calculation

Liquid residuals (known unusable propellant), This is a finite thermal capacity
4
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Structural weight (constant component)
Attachment (structural) weights
Insulation weight — fixed portion
Pressurization system plumbing weight (fixed portion)
Pressurant inlet temperature

Payload weight (if given)

Fixed shield (including insulation) weights
Engine system weight

Plumbing weight (feed system)

Propellant (type and weight)

Number of tanks

Storage location of He sphere

Type of tanks (i.e., spherical, elliptical, etc.)

The program includes equations for the computation of tank weights as a function of
size and pressure. Equations are also included to compute tank surface areas which
are used in the computation of insulation weights. The types of tanks accommodated

are spherical, cylindrical, and elliptical.

The mission duty cycle is an input in terms of event times such as the time at which

burns occur, weights are dropped, etc.

The oxidizer and fuel are optimized independently by making a computer run for each.
Since each run is based on optimization of stage performance the interaction of oxidizer
and fuel must be included. Due to complexity and the number of total calculations
involved, a method was developed to do this. For example; in a F2/H2 system a run
is made in which all parameters involving the H2 are varied. An estimate of the
fluorine tank and all related weights is made for purposes of the performance calcula-
tions. When all parameters directly related to the H2 are being optimized the program
changes the F2 system weights based on the mixture ratio; i.e. enough F2 is provided
to use the optimized quantity of Hz. Insulation thickness, ullage volume, residual
vapor, pressurant gas, etc., are optimized in this run for the H2 but not the F2.
Taking the output from this run (all values relating to H2) a run is made for F2 in which
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all thermal/structural parameters for the F2 are optimized, The two runs, if all
parameters are truly optimized result in the same performance. If not, another run
is made using the output of the optimization runs as initial conditions for the next run.

This procedure has been very effective in the studies conducted.

When calculations have been completed for enough iterations that an optimum set of
parameter values are known, they are printed out together with all corresponding inert
weight and performance results. An example of an output for the Fz and H tanks
ofaF /H system is shown in Tables 12 and 13, respectively. Table 14 is the

output showmg stage performance for the Mars Orbiter F /H system.

Note that the output information includes the following:

Insulation thickness
Launch weight

Ullage volume in percent of tank volume

Vent pressure (if applicable). In all studies conducted under this contract,

tanks were considered non-vented. The value of vent pressure shown on the

computer output listing is the propellant critical pressure. This, of course,

is never reached.

® Initial pressurant load — This is the optimized value of pressurant required
for the specific oxidizer or fuel which is being optimized. It does not include
requirements for the other tank or residual left in the He storage sphere.

® Maximum tank pressure — In the example shown in Table 12 the value indicated

is simply an estimate of the maximum pressure the tank will experience., In

cases where optimum tank pressures exceed minimum gage values, this

maximum tank pressure is truly optimized.

e Initial propellant load — This is the optimized value of propellant loaded.

Under the Mission Particulars section of the printout the final propellant temperature
is given, This is the liquid temperature immediately before the final burn.

The weight summary gives propellant tank and pressurant storage sphere dimensions,
volumes and weights. The propellant tank surface areas and insulation weights are
given, Weights of impulse propellant, residuals, pressurant, and vapor are given,

77

LOCKHEED MISSILES & SPACE COMPANY



K-21-69-9
Vol. III

- - - - -

-~ mmm

I91GI0 SIBW Nm\ ¢4 103 uotyezrwmdo %4 3T OI9eL
SHY ) CDeLCLWT® a8 WNAXIN 40 L0T3m L0y t 1Sd ) 20400003 = INSSING ONT ) yuIIO
581 ) oouoo* ucut.c 03Z1MndYA INYTHA0MA 40 LHOTIN (N=930) 0o000* = NniviIdND) Ly 134004 v1TX
S8 ) FO+61099° 35N INYTTRd0bd 40 LWIT13n (35/714) €0+40L1C8* = AINIV90 LL12073A wi20
' & » ol
587 ) 80+CSSeC” 02Sn IWNUXIN 0 Au913n W10 t 1Sd ) 20+%0042* =z JNSKING INT | vwIdO
S0V ) ToelCuEG* v..u»u« Q321kndYA LINYTTI4084 40 AN913n (=930} 10+0929L° = JniviIdnd; tNyTYI40Nd v1130
SET ) 80+ER6SI° = N3ISH INYTTdodd 40 LHOI3Im (IS/13) #0+50299* = CINIV190 14130734 w1130
R ..
S87 ) ZTOECOIT® = a3Sn JUNLXIN 40 L9133y 104 ( I1Sd ) 204¥69€2* = INSSING ONT | VN IHO
SO ) T0eLPCL2® =MLV 032Tv0dVA INVITR4oHg 40 1H913m (¥-930) 20-6g692° = NnlvyIwd) INyTIIH0Md ¥LTIN
S8 ) TO+LESSG° = a35N ANYITIgoug 4O LHII3m (35/744) 2040L1LT° = A3NIVL00 14120734 w1930
Z  » e
SE1 ) Z046L95C° = C3ISn WnixIw 40 J913m V10, ( 1Sd ) 20+00002° = NS SNT LwHId0
SHY ) T0-6496G° =NIL4V 032Td0dVA INVIII4084 40 AHO13m (B=920) 20-£5209* = SuniviIdWd INyT13404d ¥1V30°
SE7 ) Z0e5LCOT” = a3sn INYTT3gody J0 LHO13m 1I5/13) Z0+400505¢ = AQINIV80 ALT1507V3A wi 3D
T o aunt
#0+66104° = ALISOTIA V130 WiOL = ViVO NG d0 Anvwiing
S87 ) 204L2692° = ADNIONIINOGD IONVWNOINIY % T { 581) 00000° = (ANVASNOD + 2VaVIlwA) NN ONKLS
S8 ) w0+000L6* = LHOI3M HINAYY { 587 ) e0el2506° = Ovaavd
SWiel
SAT ) ToenSITG* = Twnalsam ( 587 ) COen2601¢ = Wl ANYITI0Nd
SET ) T044T60I° = MOJVA LINYT13dOWd WILINDI O3iviindiyy ( $S81 ) C0+9ch6IC = avO INVTI3dOMd WILINY
S8 ) 20442STw = NO1 VY ISNT € A373) T0442.0€* = °WIO STLSTMILOVHVKD YNvi INYTVIJ0ud
2-14) 20+66296° = Yy 3IVIUNS NVl ANVI3dONM { €=13) 20+026SU° = FNI0A WNVL INYT340N0d

(SHIMVICOHZHY T = (S)INV) wlT LJoNON
(SWNOISIN « MNVL ¥ 0) MOLIw4 SV
WNTOA IHBudS 1NYHNGS Jud

10+02222*

81 ) 10-06.92° = WHS S53H4 NI ONTNIwwI LINVNNSSINY C=13) 00-2CRUT

LU ]

- -~

SA1 ) T10+96mLT" IHOI3A WS INVNNSS U 1333) 00-wgSSCe SNIOYYH P3dS INVHNSSINd
WYL INVT3dONd 3016An0 IWIHGS LuvbingSIud M - L1 - 8 INVHNSSHd «STSAWNY ENYNNSSING

SHY ) T0e6Ls2C NOI ¥ ISNY ( S97 ) 00=-T12TL6° = WMWYy [NV E408d NT  LNYHA%S Iud
SEY ) Yoeke2C9" |..o.2> INYTIId0Nd WNOTS3Y 03ivIndv) { S81) ¢0000* = (ANv 41y ddo 1108
587 ) 20+42690C" Twnalsay { 1339) 10+ban9Ts = *WIO DILSTHILIVHYKMD HNVL INY TT3408d

{ C=14) 20400901 3z 2NTOA WevL INT VIO

( SE7T ) 20451199 = WYL ENYIVIORd

t H

2-1d) 20+56068C" = v3dv IS uNvlh  INVTIIdOMA

ISd ) 20400LCe" NOISSIW SIHL B0y IWNSSIUL XM 1Sd } €0+canl Funss I 1N3 3OV AnWININ
(S) ANyl (H 2 = (Shunvl oY 40

ANVhnS (e TIe

(N=-830) CODCHET & 3unlvy3dnd) INy11140Md TNL 4
375 ) We'% = Il NOTivndws NOTSS T nein® w
SHYINITLIHVG NOTSSIN

L SEY ) w0+6069t° = OY¥0T INYTI4OMd WILINT
t IS4 ) £0+000€1° = INSS A WNYL WIXYN
( S97 ) T0+0000T* = QYO INVHNSS3INd WILINT
( ISd ) c0+0Q228* = UNSSIMA ANIA
t % ) 10400002 3 INTOA MNYL 90 IOV INIONId WY
(SHONI) 00%° s SSINMITHL NOTLvINSNI

Q3ZTHI140 ONTIE SHILINYNVY

[ LTI L PP P P P T TY T LT PP T YT
INALNO NOILVZIWILAO 3.Y10WNIALNT

78



K-21-69-9
Vol. III

- -

- -

9 )

5081 )
S8 )

8 )
s67 )
587 )

se1 )
s€1 )
581 )

81 )
Se7 )

53
e}
=2

2=14)
154 )

33$ )

CO+ELOWT® = nuwua: u!.:x.x.: u:ﬂw.. ..M.S-
00000° ...ur.c 180dYA INY Y3404 u AH9TIm
20429017° N3ASH AINYIYIHoUd 0 AHOI3m
s-tarof
20+€SENC° = 03ISN JUNAXIN 20 Ln9I3a W10
204S2602° cuILv 03ZTUndYA INYTTI4084 40 LHO[3a
€0+64592° = . 035N INYTT3408d 4O LHOI3N
20+€C021° = Q3Sn IWLXIN 40 LiP13a W10}
10=04£9C*  =MILIY GIZIMOGVA INYITTI4084 40 LHOT3m
00~29426° = A3SN AINYIT3g08d 40 LHYI3m
ZO+E6LNSC® = 03Sn IUNLXIW 40 IH9TI3m "IVL0g
T10-Thi68°= =HIL4V O3IZ1¥0dVA INYTVI40H4 SO LHOTIM
To+¥62i2® = n35N INYTI3d084 40 L1HOI3m
20+480662° = AJNIONIANOY IINVWHOINIL % T
#0+000L6° = 1HOTIM HONAYY
2042650¢° = Wnalsay
00-94G2T* = WOJVA INVIIIdONd WILINI Qv nIWH
T0+6LG28" = NOT iV NISNY
20+S66KC* = ¥3dy 3OV4uNS wnvl INV3d0Nd
V0+0000T* =  MHAS 55384 NI ONINIvWIN INYINSSIUA
T0+4860LT° = IH9I38 WSS LNYMNSSIHG
NNYL ANYTM3dONd 3CISNY

204L2GT0° = NOI ¥ INSNT
20+6CS6C° L.o.!» ANVTT3dOld TYNOTISIY G3ivNIW)
To+hGLTG® wnalsay
20456296° = Y3y 3DVIHNS wNVL INVATYIdO¥A
20+20406° = NOISSIN SIHL Hod4 IwNSSIud XV¥W
L6n°90 = Ml NOLiyINID W)

190410 sae °H /%4 104 uoneziwndo °H gy elqel

{ ~u&uo. W+20L06* = INNSEING ONT yHIJO
1N-930) 00000* = InivHIdNIL LNV TI3408d vLY30
{IS/7L03) COeNENIC = QINIYI80 41110073 uw._un

L2 )
€ 1S4 ) 2048200 = NS ING ONT | vHII0
(H=930) 00=-TinCC* = RNiniviIdid) LINVIVIH0Nd ¥1T130
(IS/14) €0+50299+ = QINIVLE0 alYD07VIA w120

A L)
t IS4 ) 20466970 = INEKANS INT LYHIH0
(H=930) TO=wGL2C¢e = RnUvH RIS LY TY208d Vi3
(2S/14) 20402147 = GV 4412073A w130

2  w N
( ISd ) 2048EnZ* % TGS ONT | YN0
(M= 30) J0~9LEUC e = JUNALVHIAITL L 134004 v 130
(IS/14) 20400505 = GINTY U LL1203A Vi)

T n NN
60+TCZ0L" 3 ALIDONIA VLVHU “WANL = ViVO NMND JO L NviHing

tsav ) 0oopo* = (ENVLISNOD + TIQYTIivA) IWHNLINMLS
{ SHT ) e0+USENSe = Ovo AV
Swinl
( S81 ) 20457199 = MNYL ANV TYIGOND
({ 547 ) #D+6069T x OY0T (MWW 30Md WTLINT
( 1333) T0+Unaule = *WIO ATLSIMALINIYID WNYL JNYIVRION o
{ €-13) Z0+0C98Y* = PNTI0A NNYL INYIYIIOND -
(SINMNYL(KWIZAT 2 = (SIIMY) W] LJONON
10402222 = (SWhNISIN + MNYL HW'10) NOIDv4 SV
{ €=14) DO=2CERT* = AWNI0A S 1MVUNGS THA
{ 43334) 00-9¥SGSC* = SNIOVE IW2ndS INYUNGS 3tk
FUMLS AINVUNSSIHD (1) EHT = & - N OANVINSSAYY oSTS5 . TWHY | NYHASS I
( Sd1v ) 00000 =x= WNW Y INVYIAHONG M1 LNVHAGS 3t
¢ SV vooude = {A\Ny 41y <30 ToR
€ 4334) T0+44320C+ = *WIQ HILSTHALIVMVKHD WNVL INVINIAOND
 C=1d) T0+UC6SNT = ANNINA ANYL JHYIIA0HS
{ S4T ) CO+H2R0T = NuYL TNY IO
( 1Sd ) 20+1cC96° = INNSSINA 401N FOVD b THIW
(SINNVL (S, T = (SINVL BT 40
AUVHLING sHOTIN -
(U=930) 20492S08* = IunivhIgr3) INYYTIAOHD TYHI S
NOTSSIH HMND *
SYYINIT 1MV NHOTSSIW
( 587 ) CO+9CHIE" = CVOTY INVT3dONd WILINY
( ISd ) 20400096 = 3UNSS THA MHYL Wk TXYW
{ S87 ) 10400001 = GYOTY ANYUNSSInd v 7§ INI
( ISd ) C0+0LLwtle = AHNSSIHA INIA
( % ) 20+596n1* = INNTOA WYL 40 3WHRIHIA YN
(SHONIY pS2*2 H SSINNDYHL NOT LV INSNT

QIZ1N1LA0 ONTI0 SHILWYMYA

LTI TSI TN PTTRY LT R Y T Y PPN Y 1
ANdINO NOLLYZINILDO FLVIQIWHILN]



K-21-69-9
Vol. Il

I971q1Q SIEW Nm\ 4 pozrumdo 104 Arewrumg jydrem ¥1 oIqeL

w0, o
4LB60% HYe avOnv4

904, * FIN0N Wl
..e:.»%. Lt NOTS
2044 . ANV Vdond  ISTN,mt

e Teverabes tAY XT) JAn3sIv Idnvweo g

To+alclse nc...!co v

Teenoghe. Y40 »

COeq2C27° o -
20.60"6L" NHr 1o
iyt NOY AdWINT INDY
SovneseL, Wi0l=anS ININT
Z0+0009e WILSLS INTONY
Zosat2lee (SYNYL o ONTRNNY) WILS1S NOILYZ THNSS Iy

S0+cnaloe t3NvIuvA ONy A, E:zoup.u:

H Ity 3 v 3x1d) NOIjvns!y

S Mrerel NIV YN INIBWN W+ SHAL VT eGIAVA

€osci¥tn : g
20+00097e ATWISSy Q339 INVITd0MA

Zoeaongte (osT) NOTLYINSNT Oy inp

2046 T008e SANMIVLLY

COenio9te SAN0ddns Whv|

0sps0c2® NI S 35vA
INLINMLE

ey 129¢° LHSI M NvSn
ta2d g  SINYTYId0Ud

80



K-21-69-9
Vol. TI

The maximum total pressure experienced is printed out in this section. This value

can be the operating pressure. or if at some time between burns a higher pressure

actually exists. that is defined as maximum tank pressure. Also under the weight

section are given the calculated value of payload and the stage launch weight.

The fourth major heading of the otuput is a summary of data related to each burn, For

each burn the following is given:

AV

The change in propellant temperature from immediately before the burn
to after the burn when thermal equilibrium is established.

Operating pressure — This is vapor pressure + NPSP. Or in any case a
minimum of 20 psia total pressure

Weight or propellant used during the burn

e Weight of propellant vaporized in re-establishing equilibrium after a burn

Weight of both oxidizer and fuel burned.

Table 14 shows a typical summary of the program output which is the optimized stage

weights

and performance., This includes the

Impulse propellant weight.

® Structural weights divided into appropriate groups some of which are fixed

and some of which are a function of stage size and weight.

Propellant feed assembly — some components (tanks) are a function of pro-
pellant load and some components such as valves are given fixed weights.
Pressurization system — Includes sphere, plumbing, regulators, etc.
Engine system — Fixed weight in this study.

Contingency — All inert weights are totalled and a 10 percent contingency is
added.

® Residuals — Includes liquids, vapor, and pressurization gas

Performance Reserve — Enough propellant is included to allow for a perform-

ance reserve equivalent to 1 percent of the total AV,

e Impulse propellant

Propulsion module weight

® Payload weight
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The total information obtained from the thermal optimization analyses for all missions
is presented in Appendix C, Computer Output of Thermodynamic Optimization. A
summary of thermodynamic design variables is presented in Section 1.6.4 and a sum-

mary of performance data is presented in Section 1.7.
1.6.4 Thermodynamic Optimization Results

The thermodynamic optimization analysis results provide performance data on the
basis of which a comprehensive comparison of propellants can be made. In addition,
characteristics which may influence the practicality of using certain propellants for

specific missions are pointed out.

Summaries of achievable performance and the values of corresponding parameters are
shown for each propellant and mission in Section 1.7. Workable stages can be designed
for all propellants and missions; however, the practicality of using certain propellants

for certain missions varies,

Insulation thicknesses, and maximum tank pressure level requirements are shown in
Table 15, The variation in the values of these parameters from mission to mission
results from duty cycle effects, whether solar arrays are used, mission duration,
and to some extent the environment (distance from sun). The effect of distance from
the sun is very significant for configurations where the sun is directly incident on the
propellant tanks (N 2O 4/ A-50). When the tanks are shaded from the sun, solar array
temperature levels change with distance but the impact of this variation is slight

relative to the effect of distance when tanks are oriented toward the sun.

1.6.4.1 F9/Hy System Optimization. The F2/H2 system is particularly effective for
all missions considered. With the vehicle oriented to shade the propellant tanks from
the sun, optimum insulation thicknesses lie in practical ranges (i.e., 1 in, to 3 in.
for H, and 1/2 in. to 5/8 in. for F,).

The pressure levels at which the tanks optimize are generally at or slightly below the

minimum gage capability for H2 and considerably below this point for F2 . Minimum
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gage capability is exceeded only for the H2 tank for the Jupiter and Mars Orbiter
W/Titan IIID missions. A high optimum tank pressure for the Jupiter mission resulted
primarily from the heating over the very long duration. The relatively high pressure
for the Mars Orbiter W/Titan III D results from the fact that a large portion of the
propellant is expelled at the start of the mission and is therefore unavailable as a

heat sink during the remainder of the mission

Some typical pressure profiles for F2 and H2 are shown in Figures 32 and 33,
respectively for the Mars Orbiter mission. The fluorine tank pressure increased
due to heating during the coast phases. A substantial total pressure rise occurs
immediately after the first midcourse burn because the tank is pressurized with non-
condensible helium and the helium partial pressure is greater than the NPSP require-
ment. In the case shown, the helium partial pressure is great enough to provide the
required NPSP throughout the second midcourse burn expulsion without adding more
helium. A propellant parfial pressure sensing device is required. Note that the
divergence between F2 vapor pressure and total pressure occurs as a result of
liquid expansion due to heating. Also note a considerable drop in F2 liquid temper-
ature following the orbit injection burn where about 90% of the propellant is expelled.
This temperature drop results from the vaporization of F2 to bring the entire tank
ullage volume back into partial pressure equilibrium following the burn.

The H2 tank pressure profile shown is for an autogenous H2 gas bleed pressurization
system. The required NPSP is provided each time a burn occurs by injecting heated
GHz. Thermal equilibrium is re-established following each burn.

Review of the thermal analysis results for the F2/H2 system show different character-
istics for different missions. For all missions, except the Jupiter orbiter, heating of
the H2 tank by heat transfer through the insulation 18 greater than through penetration
heat leaks. In the Jupiter mission,where no solar panels are employed, the H2 tank
heating is predominately from structural heat leaks. As a result the H2 tank pressure

LOCKHEED MISSILES & SPACE COMPANY



K-21-69-9

Vol. III

I91Q10 STeIY 10 OHoId oanssexd ¢4 2¢ 81l

(sanofy) amny,
000¢ 000% 0008 0002 0001

wu:.ﬂ. ”o&?m a’ _ _ ﬂ — uang u

98.IN0OPIIN
puodog .

A 2angsaxg
7

NAI0  NGI0

a—
_ JodeA jueredorg e —— ﬁ
—— dSdN
I/‘ — S

m——
- m——
r\e\

A

1 ‘ON uang

.0* X0} [@A9’] aangsald Bujrsaredo

(sesBaa0ap a8y M)
uoswedxs pnbr] 03 anp a3aeAlp
aangsoxd J0de) PUE SINSBAIJ [EIOL AION

aangseld [9)0L

umirey sxow Suippe
INOYIIM UMOPMOTY MO[[B
03 a1y y3noue ydy 81
8Insvsld Telaed Wny[oy

%2 = IDVTIIN TVLLINI
sunjesodwe J, uoneanyes jueiedord = -dwag, jopul wnijoy

]
(v18d) eanssoxd

116

S
N

b3
[

o¥y

14

85



K-21-69-9
Vol. I

(4

IONQIQ SIBI J0J Ofrjoxd oanssoad “H €8 ‘314
(xy) oury
0005 000¥ 000§ 0002 0001 0
_ _ T J )
uang uIng 28INooPIN IWITJ
wiay, 00Ul 98 INGOPTIN
nqio 140 puodeg T "ON uing Jod [9A9]
ameselg Suyyeredo =

aIngsalg aodep
yure[ppdoad

86

(visd) JUNSSAUL




K-21-69-9
Vol. III

cannot be controlled significantly by adding insulation. In this study the importance

of accurately evaluating the conduction heat leaks from the connection of the propulsion
module and payload became evident. As a result, the analysis of the H 9 tank strut
heat leaks was refined to take into account radiation losses from the surface of the
insulation applied to the struts. In the Jupiter configuration with no solar panels
consideration of this radiation loss reduced the heat leak substantially. Figure 34
shows the ratio of actual heat transferred to the tank through the strut relative to heat
transfer computed neglecting radiation to or from the insulation surface. With 1/4 inch
of insulation on the struts, a practical minimum for ground hold and maneuvers, heat
transfer to the tank through the struts is only about 16 percent of the heat transfer com-
puted while neglecting radiation from the strut insulation surface. With a configuration
which includes solar panels, this effect is much less significant because the insulation

surface temperature is controlled largely by heat transfer from the panels.

1.6.4.2 FLOX/Methane System Optimization. This system proves to be particularly

well suited thermally to all the space environments considered. With the vehicle
oriented to shield the propellant tanks from the sun the optimum insulation thicknesses
vary from 1/2 to 1 inch,a very practical range. Maintaining liquid in the feed line
during long periods is not a problem because the engine and other hardware which

would normally be a source of energy to the feed line are very low in temperature.

The pressure levels at which these tanks optimize are generally below the minimum gage
pressure capability. Presure profiles for FLOX and methane are shown in Figs. 35

and 36. The FLOX pressure profile is similar to that for F2 in that the vapor and

total pressure generally increases with time due to heating. The methane pressure
profile remains relatively flat throughout the mission because it is virtually in thermal
equilibrium. The only significant variations in the methane pressure level results

from the effects of the engine burns,

1.6.4.3 OFy/ BgHG System Optimization. This system is well suited to the environ-

ment for all missions. Previous analyses have shown this to be the case for tanks

87

LOCKHEED MISSILES & SPACE COMPANY



K-21-69-9
Vol. III

IoysUBL], JeeH NG }oddng Uo SeES0T UOREPEY JO 100Pd V€ 3l

("NI) SSINNDIHL NOILVINSNI ¥3AVILLIINW

14 [4 i1 80 90 ¥°0 0 (Y

T T _____-ﬁ T T

.Z— wN = 5“,.—-%‘— = mn_

nys

N6 = "y aty

S
Yold ¥H/N1E 9770 = RISy = ™y
uonp|Nsu} |

%14 4/N18 o Ol X G = =
S
LT e e ol
AINVL_INIIEWY )y B By 7
INOTV - h%
M¥NVL Ol 1¥0ddNS WOY4 GINIIISNVAL 1V3IH

NNS IHL WOU¥4 @Id13IHS SHNVL ‘STINVd ¥IV10S ON ‘NOISSIW d3LidNr

[+ ] 0 - N
o o o o
«b/b ‘Ol1VvY ¥34SNWIL 1VIH SSTINOISNIWIA
88

o




K-21-69-9

Vol. III

1031QIQ SIBJ 0] O[IJ0Id 2Imesald XOTd S¢ “3rd

(4H) IWLL
0008 000% 000¢ 0002 0001 0
+. T T _ T
Nung ESYNOOMN  Nung
aNoods FSHNOOAIN LSUId
Nung LOILNI LIGHO
N¥Nd WIEL LIgH0
FUNSSTHd HOIVA —
/ e
J— —_— 1 'ON N¥nd Funssgud L |
— NOISNVAXHE aINdIT ONLLVHALO
dsdN NuNg NOLLOAPNI WALV ISy !
ol ANd IDYIAAIA
NOILVZIMOd VA OL ;
N FUNSSAUd HOJVA B
ana sT000 ANBIT AUNSSTEd TVLOL

\ FHNSSAUI TV.LOL

N¥nd ISV NO
NAOAMOTI HOJd
ILVNOIAAY FUNssTHd

TVILYvVd NNTTHEH

%z = FOVIIN TVLLINI
HUNILVEIdNEL NOLLVENLVS INVTIAdOYd = dWIL LTINI NNITIH

89

(VIsd) TUNSSTUL




K-21-69-9
Vol. III

0005

J93IqIQ SIBN JI0F OIJoxd oamssold Sueyew 9¢ "3rd

(9H) IWIL

000% 000€ 0002 000T

<

s
_

|

I | R (01 T I
ASHNODAIN ANOD IS
NuNd LOALNI LIHHO
Hnd WIYL Lgd0
NYNg LOArNI
YALIV NOILLVZIHOdVA AUNSSHYL HOVA
Ol X¥d STO0D AINdI1
NS S S——
G S— ——— ——

|
N¥ng

ISHNOOTIN LSHlA

1

3

dSdN

dSdN

4

JUN LVIIJNAL NOLLVHNALVS INVITId0odd = JWEL LATNI WOTTAH

‘/\_o

01

21

¥l

91

81

(44

92

8C

(vISd) 3¥NSsTdd

90



K-21-69-9
Vol. III

oriented toward the sun or shaded fromit. Performance is improved, however, if
the tanks are shaded. In this study it was determined that thermal isolation of the
tanks from the payload section and solar arrays needs to be carefully controlled to
establish tank temperature levels which will effectively maintain the propellants in or
nearly in temperature equilibrium. Results of the optimization analyses show that

insulation requirements and pressure levels are nominal.

1.6.4.4 NyO4/A-50 System Optimization. The N,O 4/ A-50 propellant system is

relatively well suited to the environments of all missions except Jupiter. Insulation

requirements and pressure levels lie in very practical ranges except for the Jupiter
mission. In all cases the NZO 4/ A-50 tanks were assumed oriented toward the sun.
Thermal control surface properties can be selected such that external surfaces do not
get too warm near Earth or Venus nor too cold at Mars. Values of @/¢ used are shown
in Table 11, For Mars missions, @/e ratios were selected to give external surface
temperature higher than the liquid temperature when near earth and lower than the
liquid temperature when near Mars. For the Venus mission an /e was selected

which gives surface temperatures lower than the liquid at Earth and higher at Venus.

Because of the rather large change in solar constant between Earth and Jupiter (443 Btu/
hr—ft2 to 16 Btu/hr—ftz)passive thermal control techniques are not practical., To prevent
freezing the N20 4/A—5O either five inches of insulation or active propellant heating

are required.
1.6.5 Thermodynamic Design and Analysis Conclusions

Thermal analyses conducted during the course of this study have been performed in
sufficient depth to draw specific conclusions about the space storability and use of the
candidate propellants for the missions considered. The resulting data can be effectively

employed in making a comprehensive comparison of the candidate propellants.
Specific conclusions are:

° F2/H2, FLOX/CH4, and 0F2/B2H

missions studied.

g can be effectively employed for all
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L] N20 4/ A-50 is well suited to all mission environments except that for
Jupiter. Unless active thermal control measures are used for the
Jupiter mission, insulation thicknesses required to prevent propellant
freezing became impractically large.

e Insulation thicknesses are nominal (less than 3 in.) for all propellants (except
N,0 4/ A-50 at Jupiter).
Solar panels have a very significant propellant heating effect.
Ullage volumes required are very small (2%) for all propellants except for OF,
and H2 which require 8 and 15% respectively for the baseline mission.

® Presently available thermal control surfaces are satisfactory. Further
development of low a/e surfaces would be beneficial if tanks were oriented
toward the sun.

® Radiation shields are very effective in reducing propellant heating.

1.6.6 Thermodyamic Analysis and Development Recommendations

® Additional work should be directed at development of effective prelaunch
thermal control systems.

® Analyses conducted under this contract assumed the use of a pressure
control device which at any burn provides only enough pressurant to make
up the required NPSP. Such a pressure control device should be developed.

® Additional analytical studies should be performed to investigate more
thoroughly engine heat soak back and start mode eifects.

® Additional analytical studies should be performed to optimize shadow shields,

particularly between the solar arrays and the propellant tanks.
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1.7 PERFORMANCE ANALYSIS

The performance analysis includes not only the determination of payload weight, pro-
pulsion module weight, and propellant load, but also the design parameters as deter-
mined from the thermodynamic/structural/performance optimization analysis. The
Thermodynamic Optimization Program (TOP) was used for the performance calculations.
The ability of the program to handle several sequential propulsive burns, with varying
specific impulse and variable launch weight, provided great flexibility in the optimization
at considerable savings in time. The performance is calculated by inputting parametric
data for subsystems such as propellant tanks whose weights vary with propellant

load. Propellant tank weights vary both with size and with pressure above the mini-
mum gauge values. The weights of fixed systems such as engines are also included

as input, as are the mission parameters such as time of burn, value of AV, and values
of specific impulse. Thermodynamic data relating to insulation, pressurization, etc.,
are included parametrically and weights and dimensions uniquely defined only after

the optimization has been completed.

For each propellant combination the optimization procedure is first conducted using the
baseline Mars Orbiter mission profile and an injection weight of 9700 pounds. This
weight includes the payload, propellant load, and propulsion module inert weight.
Subsequent to the optimization and definition of the propulsion module for each propel-
lant, the Mars Orbiter propulsion module is flown on the alternate missions. The only
changes allowed are in insulation thickness, pressurization requirements and meteoroid
shield, which are optimized for each mission. The injection capability of the Titan
IID/Centaur varies for each mission and poses a further constraint on the overall
system weight. The performance results are classified as to single primary burn
systems such as planet orbiter mission and those systems which also incorporate
ascent burn. For the ascent burn system the initial staging weight is determined

parametrically so as to optimize the payload, and varies for each propellant.

The following paragraphs present summary weight statements for each stage and mission.

The detailed weights are presented in Appendix C where the actual computer output is

reproduced.
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1.7.1 Single Primary Burn Stage Performance

The single primary burn systems include the Mars Orbiter, Venus Orbiter, Lunar
Cargo, Jupiter Flyby, Grand Tour of the Jovian Planets, and 0.2 A. U. Solar Probe.

The baseline mission is the Mars Orbiter with the propulsion module sized for a Titan
IIID/Centaur booster and predetermined mission profile. The Mars orbiter propulsion
stage is then flown on the other missions, with minor mission-peculiar changes, and
the performance and operating conditions determined. The mission requirements and

booster capability were presented earlier in Section 1.5.2.1.

1.7.1.1 Mars Orbiter Stage Weights and Design Parameters. Summary weight
statements for the FZ/Hé, FLOX/CH4, OFZ/BZHG , and N204/A-50 systems are
shown in Table 16. These weight statements give a breakdown of all of the inert weight
elements, the impulse propellant, the total propulsion module, and the payload. The

summary weight items shown in Table 16 and subsequent tables are made up of the

following:

Structure:
Base Structure, Tank supports, attachments, and bulkhead insulation

Propellant feed assembly:

Tanks, valves, filters, plumbing, ullaging, insulation, meteoroid shield
Pressurization System:

Tanks and plumbing
Engine system: no breakdown
Contingency: 10% of dry inert weight
Residuals:

Propellant

Vapor

He gas
Performance Reserve; 1% on total AV

Inert: sum of above weights
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Table 16

WEIGHTS AND DESIGN PARAMETERS FOR BASELINE MARS ORBITER STAGE
(Weights in Pounds)

Item F2/H2 FLOX/CH4 OF2/B2H6 N204/A—50
Structure 251 177 178 210
Propellant Feed Assembly 419 381 406 381
Pressurization System 27 27 59 79
Engine System 98 98 153 151
Contingency 79 68 80 82
Residuals 121 86 100 93
Performance Reserve 28 31 31 34
Inert 1023 868 1007 1030
Impulse Propellant 3622 4044 4085 4868
Propulsion Module 4645 4912 5092 5898
Payload 5055 4788 4608 3802

Design Parameters

Tank Pressure Insulation Thickness Initial Ullage
Propellant < .
(psia) (inches) (percent)
Fo 44 1/2 2
H2 91 2-1/4 15
FLOX 65 1/2
CH 4 31 1/2
OF 9 241 1/2
B2H 6 155 1/2 2
N20 4 160 1/2 2
A-50 155 5/8 2
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Impulse Propellant: Propellant used for AV
Propulsion Module: Inerts plus impulse propellant
Payload: All mass carried by the propulsion stage

In addition to the weights, the design parameters such as maximum propellant tank
pressure, insulation thickness, and initial ullage values are shown. These parameters

have all been carefully optimized in order to maximize the payload.

1.7.1.2 Venus Orbiter Stage Weights and Design Parameters. Subsequent to the
optimization for the Mars Orbiter mission, the baseline propulsion stage is flown on
the alternate missions such as the Venus Orbiter. The propellant tank sizes and
gauges are fixed, but the pressurization spheres, insulation thickness, initial ullage,
and meteoroid shielding are allowed to vary in the optimization procedure. The Venus

Orbiter, because of its flight path, receives increasing solar radiation during its

mission. The effect of this is to increase the tank pressures. For hydrogen the
ullage volume and insulation thickness were also increased. Summary weight state-

ments and design parameters are shown in Table 17 for the four propellants.

1.7.1.3 Lunar Cargo

The lunar cargo mission, because of its short duration, poées no special problems.
Table 18 presents the weight statements and design parameters for the four propellants.

1.7.1.4 Direct Ascent Missions

The direct ascent missions do not pose any additional propellant handling and storing
problem. In general, they are simpler and ground operations dictate the thermal

design features that need to be incorporated. The design conditions for these missions
and propellants are shown in Table 19. Figure 37 shows the generalized performance
curve for the four propellant combinations and notes the payload capability for the Jupiter
Flyby, Grand Tour of Jovian Planets, and 0.2 A.U. Solar Probe.
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WEIGHTS AND DESIGN PARAMETERS FOR VENUS ORBITER STAGE
(Weights in Pounds)

Item FZ/HZ FLOX/CH4 OFZ/B2H6 N204/A—50
Structure 251 177 178 210
Propellant Feed Assembly 428 378 402 376
Pressurization System 27 29 58 68
Engine System 98 98 153 151
Contingency 80 68 79 80
Residuals 82 69 81 89
Performance Reserve 28 30 31 33
Inert 994 849 982 1007
Impulse Propellant 3620 4037 4088 4869
Propulsion Module 4614 4886 5070 5876
Payload 4779 4505 4352 3555
Design Parameters
Tank Pressure Insulation Thickness Initial Ullage
Propellant . .
(psia) (in.) (percent)
F 2 213 1/2 2.4
H2 94 3 22.4
FLOX 210 1/2 2.6
CH 4 48 1/2
OF2 228 1/2 .5
B2H6 155 1/2
N20 4 174 1/2
A-50 155 1/2 2
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WEIGHTS AND DESIGN PARAMETERS FOR LUNAR CARGO STAGE

(Weights in Pounds)

Item F,/H, FLOX/CH, OF,,/B,H N,0,/A-50
Structure 251 177 178 210
Propellant Feed Assembly 351 353 371 350
Pressurization System 26 25 60 69
Engine System 98 98 153 151
Contingency 73 65 76 78
Residuals 81 74 87 94
Performance Reserve 26 28 28 30
Inert 906 820 953 982
Impulse Propellant 3632 4058 4083 4868
Propulsion Module 4538 4878 5036 5850
Payload 3434 3170 2995 2317

Design Parameters
Propellant Tank Pressure Insulatlox} Thickness Initial Ullage
(psia) (in.) (percent)

F 9 33 1/2 2

H2 25 1 23.3
FLOX 33 1/2

CH 4 33 1/2 2.8
OF 2 166 1/2 8.7
B 2H 6 166 1/2

N 20 4 158 1/2

A-50 167 1/2
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Table 19
DESIGN PARAMETERS FOR DIRECT ASCENT MISSIONS
Tank Pressure Insulation Thickness Initial Ullage*
Propellant . .
(psia) (in.) (percent)

F2 20 1/2 2

H2 20 1 23

FLOX 20 1/2

CH, 20 1/2 2.8

OF 2 155 1/2 8.7
B2H6 155 1/2 2

N20 4 155 1/2

A-50 155 1/2 2

*Dictated by fixed tank sizes.
1.7.2 Ascent Burn Stage Performance

The ascent burn missions include the Jupiter Orbiter and the Titan IIID (no Centaur)
boosted Mars Orbiter for all propellant combinations, and the 6000-pound propellant
load Mars Orbiter mission with Fz/ H2 and FLOX/CH 4 propellants. The baseline
Mars Orbiter propulsion stage is used for the Jupiter Orbiter mission and Titan IIID
(no centaur) Mars Orbiter while new stages are optimized for the 6000-pound propellant

load Mars Orbiter vehicles.

1.7.2.1 Jupiter Orbiter Stages Weights and Design Parameters. The Jupiter Orbiter

is the most demanding of all the missions evaluated. Not only is more than half of the
propellant utilized during the ascent burn, but the long mission duration produces a
significant amount of conductive heating to the cryogenic propellants. This effect is
such that the F2/H2 commonality stage must be modified slightly for the Jupiter
orbiter mission. Weight statements and design parameters are shown in Table 20 for

the four propellants.
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WEIGHTS AND DESIGN PARAMETERS FOR JUPITER ORBITER STAGE
(Weights in Pounds)

Item }?‘2/H2 FLOX/CH4 OFZ/BZHG N204/A—50
Structure 251 177 178 210
Propellant Feed Assembly 493 415 449 518
Pressurization System 27 26 64 79
Engine System 98 98 153 151
Contingency 87 72 84 96
Residuals 128 77 20 92
Performance Reserve 24 24 24 24
Inert 1108 889 1042 1170
Impulse Propellant 3635 4056 4094 5007
Propulsion Module 4743 4945 5136 6177
Payload 1769 1661 1479 784

Design Parameters
p ant Tank Pressure Insulation Thickness Initial Ullage
ropelian {psia) (in.) (percent)
F 9 33 1/2 2
H2 166* 1 10.4
FLOX 41 1/2
CH 4 32 1/2 2.9
OF 9 226 5/8
B 2H 6 165 1/2
N 20 4 219
A-50 190 4 6.1

*Exceeds Mars Orbiter Stage design pressure and imposes a 45 1b increase in tank

weight.
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1.7.2.2 Mars Orbiter Stage Weights and Design Parameters for Titan D Without
Centaur. For this mission a significant amount of the commonality stage propellant

is consumed during the ascent burnat Earth. Again the F2/H2 system is most sensitive

insofar as the commonality requirements are concerned. In this case, more than six
inches of insulation would be required in order not to exceed the commonality stage
design pressures. A 20 pound increase in tank weights to allow higher pressures
permits a reduction in insulation thickness to 2-3/8 inches. Weight statements and

design parameters are shown in Table 21 for the four propellants.

1.7.2.3 Mars Orbiter Stage Weights and Design Parameters for Stages With 6000 1b
Propellant Loading. Only F 2/H2 and FLOX/CH 4 propellants were studies for the stages
with 6000 1b propellant loading. This loading delivers approximately the maximum
payload to Mars on the Titan IIID /Centaur and it is also of near-optimum size for a
Lunar Mission. Ascent burn is required for the Mars Orbiter mission. The resulting

payloads compared to the baseline commonality stage payloads are shown in the follow-

ing table for the Mars Orbiter.

Mars Orbiter Payload

Payload, 1b
Propellant
Wp = 6000 1b Baseli_ne
F2/H2 5370 5055
FLOX/CH4 5040 4788

The difference in payload is more significant in the Lunar Cargo Vehicle as shown below:

Lunar Cargo Payload

Payload, 1b
Propellant
Wp = 6000 1b | Baseline
F,/H, 5650 3434
FLOX/CH4 4860 3170

Weight statements and design parameters for the 6000 1b propellant load stages are

shown in Table 22.
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WEIGHTS AND DESIGN PARAMETERS FOR MARS ORBITER STAGE

ON TITAN IIID WITHOUT CENTAUR
(Weight in Pounds)

Item F2/H2 FLOX/CH4 OFZ/BZHG N204/A—50
Structure 251 177 178 210
Propellant Feed Assembly 443 382 406 380
Pressurization System 26 26 57 79
Engine System 98 98 153 151
Contingency 82 68 80 82
Residuals 144 91 104 94
Performance Reserve 24 26 26 27
Inert 1068 868 1004 1023
Impulse Propellant 3622 4042 4091 4874
Propulsion Module 4690 4910 5095 5897
Payload 2255 2120 1945 1328

Design Parameters

Tank Pressure Insulation Thickness Initial Ullage
Propellant - .
(psia) (in.) (percent)

F 9 44 5/8 2

H 2 127* 2-3/8 9.7
FLOX 51 5/8

CH, 35 1/2 2.8
OF,, 216 1/2 8.1
BZH 6 166 1/2

N20 4 166 1/2 2

A-50 166 1/2 2

*Exceeds Mars Orbiter Stage design pressure and imposes a 45 1b increase in

tank weight.
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Table 22

WEIGHTS AND DESIGN PARAMETERS FOR MARS ORBITER STAGE
WITH 6,000 LB PROPELLANT LOADING

Weight Statement

Weight, 1b
Item
F2/H 9 FLOX/CH,
Structure 320 228
Propellant Feed Assembly 673 453
Pressurization System 30 29
Engine System 98 98
Contingency 112 80
Residuals 217 112
Performance Reserve 43 42
Inert 1493 1043
Impulse Propellant 6000 6000
Propulsion Module 7493 7042
Payload 5370 ~ 5040

Design Pressures

Propellant Tank Pressure Insulation Thickness Initial Ullage
i (psia) (in.) {(percent)
Hy 98 2-7/8
FLOX 43 1/2
CH 4 35 1/2
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1.8 COMMONALITY STAGE DESIGN SUMMARY

The propulsion stages developedinthe commonality stage task have had the benefit of
iterative and detailed structural, thermodynamic, performance, and operation
analyses. The configuration drawings have been shown in Figs. 7 through 12, and

weight statements presented in Tables 16 through 22 and in Appendix C.

The basic structure of the module consists of aluminum tubing and sections that carry
the primary loads. The propellant tanks are supported by filament-wound fiberglass
struts in order to reduce the heat transfer to the tanks. There is also an insulation
blanket on the module bulkhead in order to control the heat transfer from the payload.
The propellant tanks are made of 2021 aluminum with room temperature design allow-
ables. Each tank has a manhole cover through which the penetrations pass. Valves,
fittings, regulators, and plumbing lines were sized, and the sum of these component
weights are shown in the weight statements. Each tank is individually insulated with
multiple layers of double-aluminized Mylar and Tissuglas. Each tank also has a dual-
wall aluminum meteoroid shield. The pressurization spheres are located in the propel-
lant tanks except for the NZO 4/A—&SO system. These spheres could be external for all
propellants and enclosed within the primary tank insulation. Titanium is used for all
pressurant tanks except for the OF2/ B2H6 system where Inconel was used. The
pressurant was stored at 4500 psi. Helium was used for the pressurant for all pro-
pellants except that heated hydrogen was used with hydrogen propellant. The engine
systems selected are representative of current engine company design capability.

1.9 COMMONALITY CONCEPT ANALYSIS

The basic objective of the Commonality task was to determine the feasibility of utilizing
a stage optimized for a Mars orbiter mission for other missions. This commonality
stage concept proved to be very valid with study results showing that a broad range of

missions could be performed with a Mars orbiter stage. Nearly all missions could be

flown with minimal mission-peculiar modifications.
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1.9.1 Performance Comparison

The Commonality stages optimized for the Mars Orbiter mission and Titan IIID/
Centaur have certain characteristics which are fixed and others which are variable
for alternate missions. The basic assumption was that the only items variable with
mission were insulation thickness, meteoroid shielding, pressurization system tanks
and loading, and propellant loading. Stage structure, propellant tanks, and engine
system were fixed. The following paragraphs describe how closely this commonality
philosophy was met, and display the variable characteristic values for each propellant

combination and mission.

1.9.1.1 Fluorine/Hydrogen Commonality Stage Performance. The F2/H2 Commonality

Stage performed well on all missions when provided with the optimized system charac-
teristics presented in Table 23. For two missions, the Jupiter Orbiter and the Mars
Orbiter with Titan IID (no Centaur), the Commonality stage design pressures were

exceeded for the H2 tank. This discrepancy can be overcome in one of several ways:

1. H2 tank weight could be increased 45 1b for the Jupiter Orbiter (20 1b
required for the Mars Orbiter w/Titan IIID). This weight penalty would
then be imposed on all missions using the Commonality stage.

2. Greater separation (one foot) could be specified and a shadow shield added
between propulsion stage and payload for the critical missions only. This
would reduce tank pressures and impose no penalties on the Commonality
stage.

3. Detailed redesign to reduce structural heat leaks might eliminate the
problem at little or no penalty.

4. A hydrogen vent system could be added.

1.9.1.2 FLOX/Methane Commonality Stage Performance. The FLOX/CH 4 Com-

monality Stage performed well on all missions with no violations of the commonality
concept. Payloads are slightly lower than for for F2/H2. Optimized characteristics

for each mission are presented in Table 24.
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1.9.1.3 Oxygen difluoride/Diborane Commonality Stage Performance. The OF2/

B2H 6 Commonality Stage performed well on all missions with no violations of the
Commonality concept. Payloads are lower than for either Fz/ H2 or FLOX/CH 4

Optimized characteristics for each mission are presented in Table 25.

1.9.1.4 Nitrogen Tetroxide/Aerozine-50 Commonality Stage Performance. The
N 2O 4/A—50 Commonality Stage gave substantially lower payloads than the alternate

propellants, and could not perform the Jupiter Orbiter mission without incorporating

excessive amounts of insulation (5 to 6 inches) or actively heating the propellants to
prevent them from freezing. Optimized characteristics for each mission are presented

in Table 26.
1.9.2 System Sensitivity

The greatest sensitivity to mission variations was shown by F2/H2 and N20 4/A—SO.
The space storables, FLOX/CH 4 and OF2/ B H, showed the greatest flexibility in

performing the various missions.

1.9.2.1 Fluorine/Hydrogen Stage Sensitivity. In the F2/H2 systems the fluorine
tank operating pressure was very low for all missions except the Venus orbiter for

which the total tank pressure capability was utilized. For hydrogen there was more
variation, but only for the Jupiter orbiter and the Mars orbiter w/Titan IIID was the tank
design pressure exceeded. The variation in hydrogen ullage is primarily an indicator of
expansion requirements during the mission. This is somewhat attenuated for the

ascent burn cases, but these have less propellant to serve as a heat sink for the
remainder of the mission. The cumulative heating, primarily by conduction, during

the long duration Jupiter orbiter mission provided the severest test to the commonality
stage. In allowing the optimization to search freely a tank pressure of 166 psi was
obtained. For the Mars orbiter w/Titan IIID mission, the optimization was run with

and without the tank pressure constraints. The results are shown in Table 27.
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Table 27

EFFECTS OF PRESSURE CONSTRAINTS ON MARS ORBITER W/TITAN IIID

Item With Pressure Without Pressure
Constraint Constraint
Tank Pressure, psi 96 127
Insulation Thickness, inches 7-3/8 2-3/8
Tank Weight, 1b 109 129
Insulation Weight, 1b 136 44
Residual Vapor, 1b 43 60
Pressure Sensitive Weight Total, 1b 288 233

This shows that, by violating the tank pressure constraint, approximately 55 more
pounds of payload on the Mars orbiter w/Titan IIID could be delivered, but a 20-pound
tank penalty would be imposed on all the other commonality stage missions which do
not test the tank pressure constraint. Alternate design approaches, discussed earlier

under Section 1.9.1.1, might prove more attractive.

1.9.2.2 FLOX/Methane Stage Sensitivity. The FLOX/CH 4 design provides a very
good commonality stage that is relatively insensitive to mission variations.

1.9.2.3 Oxygen Difluoride/Diborane Stage Sensitivity. The OF2/B2H6 design also
provides a very good commonality stage that is relatively insensitive to the mission

variations.

1.9.2.4 Nitrogen Titroxide/Aerozine-50 Stage Sensitivity, Although one might expect

N20 4/A—5() to provide an insensitive commonality stage, propellant freezing was a
problem for the Jupiter mission. This difficulty was overcome by loading the propel-
lant subcooled at 500 °F, increasing the a/e¢ to 2.2, and letting the optimization
program solve for insulation thickness which becomes rather large. Active propellant
heating would probably prove a more attractive solution than adding insulation. For the
Mars orbiter w/Titan ITID mission, increasing the a/e to 0.71 from 0. 66 prevented the

propellant from freezing.
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1.9.3 Commonality Concept Conclusions

Both FLOX/CH 4 and 0F2/ B2H 6 provide great flexibility for a commonality stage which

can be flown on all selected missions without modification to the baseline Mars orbiter

stage.

Fz/ H2 systems continue to provide the best performance for all applications, but both
the Mars Orbiter w/Titan IIID mission and the Jupiter mission have tank pressure
requirements which exceed those for the baseline Mars orbiter and impose either a

20 to 45 lb tank weight penalty on the Mars orbiter stage concept or an alternate design

approach.

The NZO 4/A_50 propellant system has a broad range of applicability except for the
Jupiter mission. For this mission the payload is too low to be of great interest and

special protection from propellant freezing must be considered.
2.0 COMMONALTY STAGE APPLICATIONS SUMMARY

The comprehensive analyses that have been conducted on high energy propulsion stages
for space applications during the past two years has paved the way for a low cost
approach to a broad range of missions. Table 28 summarizes the missions and pay-
loads which can be supported by the propulsion stages described in the report, when
launched by Titan IIID/Centaur or Titan IIID. Additional missions, not analyzed,

will also be attractive with this booster and stage combination. These include flybys of

Saturn, of Mercury by way of Venus, of comets and of asteroids.
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Table 28
COMMONALITY STAGE PAYLOAD CAPABILITIES SUMMARY
Payloads (Pounds)
Mission
F2/H FLOX/CH4 0F2/B2H6 N204/A—50
Mars Orbiter -1973 5055 4788 4608 3802
Venus Orbiter -1976 4779 4505 4352 3555
Lunar Cargo -1975 3434 3170 2995 2317
Jupiter Orbiter -1980 1769 1661 1479 784
Mars Orbiter W/Titan ITIID 2255 2120 1945 1328
Mars Orbiter ---Wp = 6000 1b 5370 5040 - -
Solar Probe 19731 4830 1590 1460 890
Jupiter Flyby -1975 4700 4360 4140 3420
Grand Tour of Jovian Planets 4090 3770 3570 2880
1976, 1977, 1978, 1979
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Section 3
ATTITUDE CONTROL SYSTEM REQUIREMENTS DEFINITION

3.1 TASK OBJECTIVES

The objectives of Task VI, Attitude Control System Requirements Definition, were to:

a. Define, for spacecraft and missions matched to the capability of Titan II D/

Centaur, the following attitude control system requirements and effects:

Thruster location

Thrust level or levels

Duty cycle

Minimum impulse bit

Total impulse

Modes of operation

b. Compare, in a preliminary manner, methods for mechanizing attitude

control systems to meet requirements. Consider cold gas, monopropellant,
and bipropellant (separate and integrated with secondary or primary pro-
pulsion system) and estimate system weights. Recommend a concept that

is attractive for analysis in greater depth.
3.2 GROUND RULES AND CONSTRAINTS

The task was performed under the following assumptions and constraints:

® The spacecraft is sized to the launch capability of Titan III D/Centaur
e Main Propulsion System alternatives are:
5000 1b thrust, F2/H2 s
5000 1b thrust, FLOX/CH4 , Pump Fed
3500 Ib thrust, OFZ/BZH(;’ Pressure Fed
3500 1b thrust, N204/A—50, Pressure Fed

Pump Fed
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Midcourse and orbit trim corrections are accomplished by the throttled
main engine
The main engine is gimbaled for thrust vector control
Impulse accuracy of the throttled main engine (throttled to 500 1bf) is:
3c impulse repeatability ~ 40 lb-sec
minimum impulse bit 400 lb-sec
Desired AV _, =1 +0.1 meter/sec

in
The vehicle is stabilized full time about three axes, with one axis

3

pointed toward the sun

3.3 VEHICLE CONFIGURATIONS AND INERTIAS

Missions and spacecraft compatible with the launch capabilities of Titan III D/Centaur

were assumed. These included:

Mars Orbiter — Orbit insertion stage
Jupiter Orbiter — Earth escape and orbit insertion stage

Venus Orbiter — Orbit insertion stage

Jupiter Flyby — Earth escape stage

Solor Probe — Earth escape stage

Lunar Cargo Delivery — Orbiter/Lander stage

Moments of inertia were computed about three axes for each of these configurations as

a function of mission time. Assumptions made to simplify the calculations were:

1.

Propellant is a spherical mass located at the center of the tank
during coast

Configurations can be defined by blocks of time

For Jupiter missions, radioisotope thermal generators are flush
mounted in a symmetrical pattern in the hex sides of the spacecraft

bus
Inertias for the Venus Orbiter could be assumed similar to the Mars

Orbiter for analysis purposes
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Details of spacecraft configurations and changes as propellant is consumed and payloads

separated are presented in the following figure and tables.

Figure 38 illustrates a typical spacecraft configuration at the start of interplanetary
cruise and defines the reference axes used for describing mass locations. The space-
craft consists of a propulsion stage, spacecraft bus or equipment module (shown with
solar panels deployed), and a lander capsule. The configuration, masses, and inertias

change with mission time as propellant is consumed and the lander capsule is separated.

Descriptions of the mass distribution for each configuration are shown in Tables 29
through 31 except for the lunar lander configuration which was lifted from Lockheed's
Intermediate Size Lunar Landing Spacecraft proposal, LMSC-A946971. Calculated

moments of inertia are summarized in Table 32,
3.4 GUIDANCE ERROR EFFECTS

The relationships between guidance pointing errors allowable, attitude reorientation
time, and attitude hold angle limits should be known when determining requirements

for an attitude control system. A guidance error analysis was therefore performed

for Mars, Venus, Jupiter, and Lunar missions utilizing the Titan III/Centaur booster.
Two midcourse corrections were simulated for each mission, with the first occurring
in the earth departure phase and the second during the target body approach phase.

The sensitivities of the midcourse velocity and residual miss at the target to midcourse
pointing and impulse errors were determined based on a particular booster injection

covariance matrix. Effects of tracking errors were not considered.

The guidance law followed for both maneuvers was to correct deviations in miss vector
components, B-T and 1—3'?{, and linearized time of arrival, t A The variables of
interest for each mission were the rms values of the magnitudes of the velocity correc-
tions and the residual miss due to the midcourse errors. The analysis utilized a
matched-conics trajectory computer program to generate nominal mission trajectories
and to build matrices of partial deviatives for mapping parameter variations along the

trajectory.
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The characteristics of the various missions are summarized below:
MISSION LAUNCH DATE TRIP TIME NOMINAL MIDCOURSE TIME

(day/month/year) 1st 2nd
Mars 8/10/73 195 days 7 days 180 days
Venus 11/23/76 175 days 7 days 160 days
Jupiter 6/02/74 900 days 7 days 850 days
Moon 9/12/73 84 hr 17 hr 74 hr

METHOD

The error models for the midcourse maneuvers were as follows: The velocity errors
due to an error in pointing and in impulse, an and 6V,, respectively, were pre-

sented by

P P

T o= o ()Y

6Vy eI(W)(VrmS>
where V is the velocity correction vector, Vrms ig its rms magnitude, which is
given by

1/2
_ 2 2 2 _ =.111/2
v = {E [V2 + V2 V3H =[x [cov (V)n

W is the spacecraft weight, g the earth gravitational acceleration, and pointing error

sources ep, (i=1,2,3) and impulse error eI follow independent Gaussian distri-

butions with zero means and variances, var (epi) = 012) and var(eI) = 012 . The

covariance matrix of midcourse errors is then found as

cov(GV) = cov(évp) + cov (6-\71)
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where

cov(éVP) = 0p [Vrms I - cov(V)]
cov(éVI) = 0] (W) V2 cov(V)
rms

and I is a 3 x 3 identity matrix. The midcourse covariance matrix, cov (—\7) , is
obtained by a linear mapping of either the injection covariance matrix, or the previous
midcourse error covariance matrix, to the midcourse point, with the mapping function

defined by the guidance law simulated.

After each midcourse, a residual miss covariance matrix, cov (aﬁ, ot A) , Where
om = & (§ - T , B- fl) and 6tA is arrival time error, is found by mapping the mid-
course error covariance matrix into the terminal miss coordinate system. The rms

miss magnitude error corresponding to the midcourse errors is then given by

sm__ = {Tr cov(aﬁ)] 1/2

Based on the above model, it can be shown that the rms values of midcourse velocity
and miss for each maneuver can be written as functions of the system errors in the

following form:

1 1
rms
om = [a 0'2 + a 02]1/2
1 2°P 371
rms
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1/2
) 2 2
Vo T [bl"p * byoy ]
rms

1/2
_ 4 2 2 2
om = [b3aP +b4(rP O‘I +b50'I]
rms

where, for a given injection covariance matrix, the sensitivity coefficients
a; = a (tl) and bi = bi (t1 , tz) are merely functions of the mission trajectory and
the midcourse execution times, t, and t,.

1 2

For each of the missions, the sensitivity coefficients were determined for various
combinations of midcourse times by making runs with the matched-conics trajectory
program. Values of rms midcourse velocity and miss for each midcourse were then
calculated for a range of pointing errors, Op>» from 0 to 2 degrees, and normalized
impulse errors, ops from 0 to 80 lb-sec/W, where W, the spacecraft weight, was
taken as nominally 10,000 lbs for all missions except the one to Jupiter. For the
Jupiter Mission, W = 5000 Ibs. Note that a o of 41 1b-sec/10,000 1bs corresponds

to a velocity error of about .04 m/s.
RESULTS

The results of this study are presented in figs. 39 through 49. These results can
be considered at the 3¢ probability level. In fig. 39 is presented the rms velocity
magnitude for the first midcourse as a function of execution time t;1 and type of
mission. The Lunar mission is seen to require the largest velocity correction, and

the Jupiter mission the smallest.

The rms velocity for the second correction is shown in figs. 40 to 43 for each
mission as functions of the first midcourse pointing and impulse errors, and the

execution time t2 for the second maneuver. It is seen that the second midcourse
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Fig. 39 Sensitivity Of First Midcourse A Velocity To Mission And
Execution Time
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yFig. 40 Effects of Execution Time and First Midcourse Errors On Second
Midcourse A Velocity For Lunar Mission
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Fig. 41 Effects of Execution Time and First Midcourse Errors On Second

Midcourse A Velocity For Mars Mission
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Fig. 42 Effects Of Execution Time and First Midcourse Errors On Second
Midcourse A Velocity for Venus Mission
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10.

F LUNAR FLIGHT TIME 84 HR
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1.0 | T2

i O'I =0

N 71 HR
0.1 —

[ ——Y

I o, = IMPULSE ERROR (LB-SEC/10,000 LB)
.01 | |

R 1. 10 100
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Fig. 48 Effects Of Second Midcourse Execution Time and Errors On
Residual Miss For Lunar Mission
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velocity for the Jupiter mission is considerably more sensitive to impulse errors than
either the Lunar, Venus or Mars missions. The Venus mission shows the large effects
of pointing error on second midcourse velocity. The second midcourse execution time
is also seen to be of comparable importance to that of the error sources. Increasing
the execution time has the same effects as increasing the magnitude of the errors.

All of the data shown assume the first midcourse occurs at its nominal time. The
effects on the second midcourse of varying the execution time of the first midcourse

were generally insignificant.

The rms miss remaining after performing the second midcourse is presented in

figs. 44 to 47 for each mission. Also shown for comparison is the miss existing
prior to the second midcourse. Note that the residual miss after the second correction
is sensitive to the errors in both the first and second corrections. In all cases, itis
assumed that the error source deviations op and 0y take on the same values for

both corrections.

It is seen from figs. 44 to 47 that the effects on residual miss of impulse errors
relative to pointing errors is generally largest for the Jupiter mission and smallest
for the Mars missions. For example, with a pointing error of about 0.5 deg, adding
an impulse error of 40 units (see figures) increases the miss by about 12 percent

for the Venus mission, 21 percent for the Mars mission, a factor of 2.4 for the Lunar
mission, and a factor of 3. 3 for the Jupiter mission. The actual values of miss in
these cases is 145 KM, 80 KM, 6.8 KM, and 640 KM for the Venus, Mars, Lunar,

and Jupiter missions, respectively.

The effects of varying the time of the second midcourse are shown in figs. 48 and
49 for the Lunar and Mars missions. In general, delaying the time of occurrence
of the second midcourse was comparable to decreasing the magnitudes of the error
sources, primarily the value of the impulse error. Fig. 49 also shows the effects
of changing the guidance law of the second midcourse for the Mars mission. Data

were obtained for the case where the second midcourse corrected only the miss
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components and did not correct for arrival time error. It is seen that with this
guidance law change, the pointing error effects are reduced considerably, however,
the impulse error effects are magnified. The net advantages of this change becomes
significant only when the pointing error is larger than about 0.5 deg. Associated with
this change in guidance law is an increase in arrival time error. With arrival time
corrected during the second midcourse, the residual arrival time error is the order
of a few minutes, Without an arrival time correction in the second midcourse, the
residual arrival time error will be larger than 0. 6 hour for pointing errors larger

than 0.5 deg.

The effects on residual miss of varying the first midcourse time were of no

consequence.

3.5 SPACECRAFT/CONTROLLER DYNAMICS

Appropriate consideration is given to spacecraft dynamics through use of simplified
rigid body modeling for decoupled pitch, roll, and yaw control channels. Conventionally
oriented thruster assemblies for each channel are driven by separate controllers that
operate on several attitude error signals. The closed loop dynamic behavior thus

generated is discussed in this section and in Appendices A and B.

The assumption of inter-channel decoupling is justified by choosing principal axes for
the three control axes and assuming that the motions and rates are either small (so that

superposition applies) or can be made to occur sequentially.

3.5.1 Thruster Configuration

The requirements analysis task is based on a conventional thruster layout utilizing

12 nozzles. To avoid coupling between pitch, yaw, and roll control channels and
sensitivity to spacecraft center of mass location, two thruster pairs separated by a
distance L are used to generate pure control couples of +FL ft-lb where F is the
thrust in 1b. In addition, the arrangement provides an attractive reliability advantage
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through the incorporation of independent propellant feed systems with excess capacity

for each set of three pairs.

Without serious loss of generality, the assumption of common F and L values for
all three channels was made to make the study tractable. It is to be understood,
however, that interplanetary missions may involve dual thrust levels which may or
may not be generated by the same nozzles (as in the case of an all cold gas system

with dual pressure levels).

The nominal thrusters configuration is assumed to be symmetrical pairs about the

X-X (roll) axis, Y-Y (pitch) axis and Z-Z (yaw) axis.
3.5.2 Digital Pseudo Rate Controller

Dynamic response characteristics of a spacecraft/controller combination were
established by digital simulation using a computer model of one control channel and a
promising controller channel. The selected controller is a sampled data version of
the standard pseudo rate controller. This class of controller is particularly well
adapted to implementation on a time-shared onboard digital computer, a consideration
appropriate to the spacecraft generation of interest. A detailed discussion of con-
troller operation, parameter evaluation, and typical system transient behavior may

be found in Appendix B.
The simulation effort described in Appendix B indicates that suitable controller param-
eter values can be found to produce satisfactory dynamic performance for all other

system parameter combinations of interest. Consequently, changes in thruster force

level, minimum on-time, spacecraft moment of inertia, etc., can be compensated by
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suitable adjustment of controller parameter values. Of equal value was the demon-
stration that well defined maneuvers can actually be performed with propellant ex-

penditures that exceed the ideal value by less than 25 percent.

3.5.3 External Torque Assumptions

The primary continuous disturbing torques of interest in computing attitude control
system requirements are solar torques. Precise evaluation of solar torques is both
difficult and strongly dependent on spacecraft design details. In addition, torque
history during cruise mode depends to some extent on spacecraft orientation history
in the characteristic limit cycle motion. In view of these practical difficulties for a
generalized study, the usual recourse of designing to a constant level large enough to
serve as a practical bound is employed. Based on Lockheed experience the following

values are estimated for earth-moon space.

M_ = 0.2 107° ft-1b
My = 1.0 x 107° ft-1b
M, = 1.0 x 1079 ft-1b

In the case of Mars and Jupiter missions, application of the above numbers is addition-
ally conservative since solar pressure depends on the inverse square of distance from
the sun. On the other hand, the solar probe mission terminates at a distance of 0. 2
astronomical units from the sun where solar pressure is a factor of 25 higher than in
earth-moon space. Accordingly, an average torque that gives the same time integral
over the mission as a parabolically increasing torque (based on a conservative constant
speed approach to the sun) must be 9 times the actual initial torque. Therefore, the

following values were used for the solar probe mission.

1.8 % 107° ft-1b

M =

X
M = 9.0 X 107° ft-1b
M = 9.0 x 107° ft-1b
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Solar torques may be augmented in orbital cruise modes by gravity gradient torques.
Gravity gradient torques depend on the spacecraft moment of inertia tensor, together
with spacecraft orientation relative to the local vertical. Since the spacecraft remains
sun/Canopus oriented while cruising in orbit, the relative orientation has large magni-
tude, periodic variations so that many of the cyclical motions induced by these torques
may be within deadbands and thus not induce control response. Nevertheless, the
combined solar and gravity gradient torque envelopes were increased for orbital

cruise to account for an estimated secular effect.

1.0 x 10°° ft-1b

M =

X
M, = 5.0 X 107° ft-1b
M = 5.0 % 102 ft-1b

Disturbing torques generally exist about all body axes during periods of main engine
burn. A ground rule specified in paragraph 3.2 is that the main engine has a thrust
vector control system to compensate for pitch and yaw disturbance torques. It is
further assumed that the pitch and yaw attitude control thrusters are normally

disabled during main engine burns to prevent channel response with attendant expendi-
ture of attitude control propellant. The roll channel of the attitude control system
must counteract engine-generated roll disturbance torques, however. Values for these
swirl torques are based on Mariner data scaled by engine thrust level, resulting in

3.0 ft-1b for a 5,000 1b thrust engine.

3.5.4 Limit Cycle Behavior
Appendix A is entitled "Attitude Control Limit Cycle Expenditure in Presence of

Constant Applied External Torque." The following expression for cruise mode control

impulse expenditure in a single channel is developed in this appendix.

G BEsee) | nax. @.25 Q,, 2M/L)

sec
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from which

202.5 (FA)2L 2M
7D L

Q (Ibf-sec) = Max t

where
= thruster average force level during a single pulse, 1bf*

thruster minimum on time (pulse width), sec

= b
I

= thruster separation distance, ft

spacecraft moment of inertia, slug—ft2

—
H

= control deadband, +deg

2 U
I

external torque, ft-1b

t = cruise duration, sec.

The second function argument dominates (and is therefore used) for large M where a
one-sided single pulse thruster mode must exist to counteract the external torque.
The first argument is a threshold large enough to include all peak expenditure rates
for the many one/two-sided pulse patterns that may occur for smaller M. It is

2.25 times the level corresponding to a symmetric, two-sided, single pulse mode for
M = O. Analysis details may be found in Appendix A.

The foregoing equation is useful in establishing the range of attitude control system
parameters of interest for long interplanetary missions. First, we note that the thres-
hold is parabolically related to F and A so that it is very expensive to let these

parameters become much larger than the values which correspond to equality of the

*This value is not to be confused with the somewhat higher thrust level for a given
nozzle which would occur in steady state operation. The correct interpretation is
associated with the fact that FA2 "minimum impulse bit."”
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two arguments. For the same reason, it is desirable that deadband be no smaller than
is consistent with other mission requirements such as acceptable antenna gain loss,
Secondly, it is instructive to equate the two arguments and solve for the resulting thrust
level, denoted F; . When F > FL the threshold term dominates cruise mode control

expenditure; otherwise, the external torque dominates. We find

e - 0.1761 yDIM
L AL '

A tabular FL evaluation for D, I, and L ranges of interest in this study is contained
in Table 33 . The torque bound given in paragraph 3.5.3, M = 1,0 x 10-5 ft-1b, and
the smallest assumed minimum on time, A = 0.025 sec, are used in the calculation.
An immediate observation is that the indicated thrust levels are all small, the largest
value in the table bring 0.668 1bf, More typically, the Mars missions, where

I =3,500 slug—ft2 , D=2x0.5deg, and L = 10 ft are representative values, should
have cruise thruster levels of 0.093 Ibf or less. If L = 25 (e.g., thrusters on outer
edges of solar panels) to reduce control expenditure the desirable thrust level drops to
0.037 1bf.

For reference purposes, the theoretical minimum weight of cold nitrogen gas required
for a 200 day cruise is also shown in Table 33. The value is based on common M

and 1 for all three control channels, and a specific impulse of 65 sec, i.e.,

6M ¢t
W — —— ——t—
theo. L ISp
7
W - 6M (1.728 x 10')
theo., 200 days 65L

When combined with other requirements, the data in Table 33 can be used to establish
the need for dual thruster levels. In the roll control channel, for example, there is a

need to counteract a 3 ft-1b external torque with a single thruster operative (for relia-

bility considerations). With L = 10 ft this implies F = 0.61bf. If F = 0.6 is
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Table 33
THRUST, F; , FOR M =1x 10" FT-LB, A = 0.025 SEC
Thruster Separation, 95
L0 5 10 15 20
Wiheoretical, 200 Days 3,190 1.595 1.063 0.798 | 0.638
Cold N2 Gas, (1b)
D (Deadband) | I (slug-ft?) | F, (bf) | F (bf) | Fy (bf) | Fy (bf) | Fy (bh)
(= deg)
500 0.071 0.035 0.024 0.018 0.014
1,500 0.122 0.061 0.041 0.031 | 0.024
0.5 2,500 0.158 0.079 0.053 0.039 | 0.032
3,500 0.186 0.093 0.062 0.047 0.037
4,500 0.211 0.106 0.071 0.053 | 0,042
500 0.100 0.050 0.033 0.025 | 0.020
1,500 0.173 0.086 0.058 0.043 | 0,035
1.0 2,500 0.223 0.111 0.074 0.056 0.045
3,500 0.264 0.132 0.088 0.066 | 0.053
4,500 0.300 0.150 0.100 0.075 | 0.060
500 0.223 0.111 0.074 0.056 | 0.045
1,500 0.386 0.193 0.129 0.097 | 0.077
5.0 2,500 0.498 0.249 0.166 0.125 | 0.100
3,500 0.590 0.295 0.197 0.147 | 0.118
4,500 0.668 0.334 n.223 0.167 | 0.134

used for a cruise mode to Mars, however, the roll channel expenditure will exceed

the necessary minimum amount by a factor of over 40. In the pitch and yaw channels,

the attitude control system has a requirement to remove initial tipoff rates of the order

of 1.5 deg/sec. Other space programs have required that this rate be brought to zero

before an excursion of 10 degrees from the initial orientation has occurred. If two
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thrusters are turned on continuously to perform this task it can be shown that the mini-

mum F is given by

F - ﬂléz
3606L
where
8 = initial tipoff rate, deg/sec
¢ = permissable excursion, deg

Again, using I = 3,500, L = 10 we find F = 0.687 Ibf. If this F value is used for
a cruise mode to Mars, however, the pitch and yaw channel expenditures will exceed

the necessary minimum amount by a factor of over 50.

Finally, one other point of view is illuminating. Consider the spacecraft with

FL = 0,093 and requiring a theoretical minimum of 1.595 1b of cold nitrogen for a
200 day cruise. If F = 2,01bf (a reasonable level for maneuvering and attitude con-
trol during main engine burns) the spacecraft could not even cruise for 1/2 day on the

theoretical minimum amount of gas using the high thrust level.

Based on the preceding analysis, it is concluded that dual thruster levels are required
on all missions with the probable exception of the lunar lander. In this latter case,
the cruise duration is short enough that added weight associated with F > FL is offset

by the weight and reliability disadvantages of an added system.
3.6 ATTITUDE CONTROL SYSTEM REQUIREMENTS AND MODES OF OPERATION

This section of the report is devoted primarily to the presentation of results from the
attitude control system requirements studies of five missions. The first three para-
graphs contain brief reviews of essential background material. A computer program
used to generate the main body of output data is described in the fourth paragraph. The
next five paragraphs describe individual mission results and are followed by a com-

parative summary discussion.
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3.6.1 Operating Mode Review

The attitude control system operating modes which significantly affect propellant

expenditure are listed below.

(1) Tipoff Rate Removal.
The removal of spacecraft tipoff rates about all three control axes
following separation from the launch vehicle.

(2) Acquisition Transients and Searches.
The starting and stopping of spacecraft roll, pitch, and yaw rates
in sun/Canopus acquisition processes.

(3) Commanded Turns.
The maneuvers generated by sequential turn commands at prescribed
rates. A roll-pitch-roll sequence was taken as the standard with
unwinding accomplished in reverse order.

(4) Transit Cruise
Limit cycle expenditures based on the most likely maximum solar
torque levels about each axis.

(5) Orbital Cruise
Limit cycle expenditures based on the most likely maximum sum of
solar and gravity gradient torque levels about each axis.

(6) Main Engine Burns
The counteracting of main engine swirl (roll) torques during escape,

midcourse, orbit insertion, and orbit trim engine burns.
3.6.2 ACS Propulsion Data

A review of thrusts and propellant performance capabilities was made for thruster
sizes from less than 0. 1 Ibf to 100 Ibf and for cold N, gas, N H N204/MMH,

274"
FLOX/CH, , and F2/H2 propellants.

4 k4

It was concluded that in the thrust range of interest for limit cycle operation (less than
0.1 1bf) only the cold N2 gas system and a cold NzH 4 828 system were attractive.

Performance of a system in this low-level thrust range could be improved by heating
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the gas, but this alternative was not analyzed. Specific impulse of the cold Nz gas
was assumed to be a constant 65 lbf-sec/Ib m for all thrust levels and thruster on-
times of interest. Specific impulse of cold N_H, gas was assumed to be a constant

274
100 1bf-sec/lb m.

Operation of high-level thrusters was assumed to occur only in the steady state during
initial orientation, reorientation, or maneuvers. Steady state specific inpulse was
assumed to vary as shown on Fig. 50 for the propellants considered. Specific
impulse for a high-level thrust cold N2 gas system was assumed constant at

65 Ibf-sec/lbm, identical to that for the low-level system.

In the analysis of ACS propellant requirements, a cold N2 gas low-level system was
combined with each candidate high-level system for alternate combinations of mission
thrust level, thruster moment arm, low-level thruster on-time, and limit cycle dead-

band. Propellant requirements are presented later in this section.
3.6.3 Basic Assumptions

The assumptions itemized below complete the necessary data base for the numerical
study to follow, Certain items have been stated elsewhere but are included in the
interest of completeness. Others actually evolved after preliminary iterations of the

requirements study.

(1) A common thruster separation distance, L, is used for all three control
channels.

(2) A common thruster force, F, is used for all three control channels
except as noted in items 3 and 4.

(3) Two separate thruster force levels are employed for all missions
except the intermediate size lunar lander where a single level is used.

(4) The pitch and yaw control channels are disabled during main engine
burn periods while an independent thrust vector control system con-
trols pitch and yaw attitude.

(5) The ratio of high level to low level thrust is 20 for all missions.
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(6) All extended duration cruise modes are performed with low-level
thrusters using cold nitrogen gas with a specific impulse of 65 sec.
(7) All non-cruise modes are performed with high-level thrusters.
(8) The maximum attitude control system torque capability of interest
is 20 ft-1b.
(9) Computer outputs do not include an allowance for leakage or any
reserve to handle malfunctions.
(10) Three representative thruster separation distances of interest are
L =5, 10, 25 ft.
(11) Three representative minimum on-times of interest (applies only to
low-force-level nitrogen thrusters) are A = 0.025, 0.050, 0.075 sec.
(12) Three cruise mode deadband levels of interest are D = 0.5, 1.0,
5.0 deg. An exception is the intermediate size lunar lander spacecraft

where one half of these values are used for orbital cruise.
3.6.4 Description of Requirements Analysis Program
A Univac 1108 program in Fortran V was modified to perform the requirements
calculations for each mission and to prepare SC-4020 plotter tapes for graphical

solution display.

3.6.4.1 Mission Elements and Spacecraft Configurations. Individual missions were

constructed by appropriate combination of mission elements where each element
could be designated as one of four types. The four types are closely related to the
six operational modes listed in paragraph 3. 6. 1.

Type 1: Tipoff Rate Removal
Same as item (1) of paragraph 3.6.1
Type 2: Commanded Turns
Handles both acquisitions and commanded turns, i.e., items (2)

and (3) of paragraph 3.6.1
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Type 3: Cruise with Constant External Torques
Handles items (4) and (5) of paragraph 3.6. 1.
Type 4: Large External Torques

Handles main engine burns, i.e., item (6) of paragraph 3. 6. 1.

The several spacecraft moment of inertia tensors, (i.e., sets of Ix’ Iy’ Iz presented
in section 3. 3) of interest in each mission are stored in the computer and indexed by
a" configuration number" so that individual mission elements refer to appropriate
values. Exceptions are mission elements of Type 4. since control expenditures during

main engine burns are independent (essentially of spacecraft moments of inertia.

3.6.4.2 Propellant Performance Tables. Specific impulse functions of thrust for each

of four propellants are shown in section 3.6.2. These functions are represented in

the computer program by conventional linear interpolation between specific points.
A constant value of 65 sec (i. e. , independent of thrust level) is used for cold nitrogen

gas.

3.6.4.3 Parameter Variation Technique. The purpose of the program is to generate
graphic displays of mission control requirements that show the effects of variations in

the following four parameters:

(1) Thruster force level (both high and low levels constrained by a fixed
20:1 ratio),

(2) Thruster minimum on-time,

(3) Thruster separation distance.

Based on the selected plot layout, the first two parameters above are automatically
varied over a specified range during a single computer run, while fixed values are
input for the last two. Accordingly, each plot corresponds to a specific combination
of deadband and thruster separation distance; a set of several computer runs is re-
quired to display the effect of variation in these parameters. The selected set of nine
runs per mission is described in paragraph 3. 6.5.
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3.6.4.4 Mission Element Input Data, Calculations. Input data required for each type

of mission and associated calculations is discussed below.

Type 1 Tipoff Rate Removal
Input: (1) Configuration number
(2) Dynamic factor, KF
(3) Initial roll rate, W, deg/sec
(4) Initial pitch rate, wy, deg/sec
(5) Initial yaw rate, w_, deg/sec

Using the configuration number to select the appropriate set of moment of
inertia (I) values and the dynamic factor (always 2.0 for type 1 elements in this
study) to scale ideal requirements, the following equation for determining impulse

is evaluated

K._m

_°F
Q 90L

(wI +wl +wI)1bf—sec
XX vy YA/
This maneuver is performed by the high level thrusters, so associated weights

for various propellants are computed for later summation using the general form
W = Q/ISP b, ISP = f(F)
with F = high level thruster force level.

Type 2 Commanded Turns
Input: (1) Configuration number

(2) Dynamic factor, KF
(3) Unwind factor , KU
(4) Number of maneuvers factor , KR
(5) First axis designator, i
(6) First rate, w,, deg/sec
(7) Second axis designator , j
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(8) Second rate, wj , deg/sec
(9) Third axis designator, k
(10) Third rate, w, , deg/sec

The configuration number is again used to select the proper moment of inertia
set. The three factors are self explanatory. The designators i,], k can each

be x,y, or z to indicate roll, pitch, or yaw turns, respectively.

o - KKp7(l + Ky
5L

(wili + wj Ij + wklk) 1bf-sec

Observe that the type 2 format is actually a generalized form of type 1, except
that both starting and stopping of the turn is assumed. Provision for multiple

maneuvers and then unwinds is also made.

Type 2 maneuvers are performed by the high level thrusters so propellant
weight calculations are identical to those discussed under type 1.

Type 3  Cruise with Constant External Torque
Input: (1) Configuration number
(2) Duration, t, days
(3) Roll deadband factor , KDX
(4) Roll torque, Mx , ft-1b
(5) Pitch deadband factor , KDY
(6) Pitch torque, My , ft-1b
(7) Yaw deadband factor , K‘DZ
(8) Yaw torque, Mz , ft-1b

The configuration number has the same meaning as before. The deadband
factors, all normally 1.0, are applied to nominal deadband. In the intermediate

gize lunar landing spacecraft KDX = KDY = KDZ = 0.5 for the orbital cruise

element, only.
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Cruise requirements are based on expressions in Appendix A.

8 _ 90 (0.0 FAYL ,i=x,y,z
oi T, K,.D
i Di

; 2Mx ] 2M
Q = 86400t | Max {2.25 Qox’ I + Max (2.25 Qoy'-—lL

) 2M,
+ Max {2.25 Qoz T 1bf-sec

With the exception of the lunar mission, cruise mode operation is performed by
the low level thrusters using cold nitrogen gas. The associated gas weight is

therefore simply
W = Q/651b.

Type 4 Large External Torques
Input: (1) Dynamic Factor, KD
(2) Duration, t, sec
(3) Roll torque, Mx , ft-1b
(4) Pitch torque, My , ft-1b
(5) Yaw torque, Mz , ft-1b

This type of element provides attitude control torques to counteract external
torques applied for a specified duration. A dynamic factor (2.0 used in this

study) is included to handle transient effects such as noise, non-zero frequency

content, etc., in the actual torque.
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2Kyt
Q I (MX+My+MZ)

1

Note that My = Mz = 0 in this portion of the study.

Since the control torques are supplied by the high level thrusters, propellant

weight calculations are identical to those described for type 1.

3.6.4.5 Summary. Separate summation of low and high level control impulse and

propellant weight for the several mission elements is accomplished in a straightforward

manner. No attempt is made to present results for individual mission elements. Out-

put plots are presented and discussed in the following sections.

3.6.5 Mars (or Venus) Orbiter Mission

Three spacecraft configurations are of interest for the Mars Orbiter mission as

described in Section 3.3. The moments of inertia for this configuration are shown

below:

Moment Configuration

of Inertia Mars 1 Mars 2 Mars 3
I slug-ft? 3079 1999 1753
I, slug-ft? 2885 1739 1250
I slugft2 3580 1789 1268

Twelve mission elements are used to construct the mission as follows.

1.

Type 1 with configuration Mars 1.

Tipoff rates of 0.5, 1.5, and 1.5 deg/sec, about the X, Y, and Z axes
respectively, are removed using a dynamic factor of 2.0.

Type 2 with configuration Mars 2.

Four acquisition search maneuvers (0.2 deg/sec about each axis) are

initiated and terminated using a dynamic factor of 1.5.
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Type 3 with configuration Mars 1.

A 195 day transit cruise with unity deadband factors and solar torques of

(0.2, 1.0, and 1.0) X 10”2 £t-1b about the X, Y, and Z axes respectively.
Type 2 with configuration Mars 1.

Commanded roll-pitch-roll turns of 0.2 deg/sec with dynamic factor = 1.25.
To simulate two turns with unwinds and one without set Ku = 1, KR = 2,5,
Type 2 with configuration Mars 1.

Commanded roll-pitch-roll unwind of 0.2 deg/sec with dynamic factor = 1.25.
Set K =1, Ky = 0.5,

Type 4 with dynamic factor = 2.

Roll torque of 0.3 ft-1b for 155 sec, corresponding to 500 1bf main engine
burns.

Type 4 with dynamic factor = 2,

Roll torque of 3.0 ft-1b for 300 sec, corresponding to 5000 1bf main engine
burn.

Type 3 with configuration Mars 2.

A 10 day orbital cruise with unity deadband factors and solar/gravity gradient
torques of (1, 5, and 5) X 10_5 ft-1b about the X, Y, and Z axes respectively.
Type 2 with configuration Mars 2.

A commanded roll-pitch-roll turn with unwind based on 0.2 deg/sec rates
and a dynamic factor of 2.0. Capsule is separated during the maneuver.
Type 2 with configuration Mars 2.

Two acquisition search maneuvers (0.2 deg/sec about each axis) are

initiated and terminated using a dynamic factor of 1.5.

Type 3 with configuration Mars 3.

A 180 day orbital cruise with unity deadband factors and solar/gravity
gradient torques of (1, 5, and 5) X 10_5 ft-1b about the X, Y, and Z axes
respectively.

Type 2 with configuration Mars 3.

Four acquisition search maneuvers (0.2 deg/sec about each axis) are

initiated and terminated using a dynamic factor of 1.5.
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Nine combinations of thruster separation distance (L) and deadband (D) were used per

the following table:

Run L D
Designation (ft) ( deg)
Mars Orb, 1 5 0.5
Mars Orb. 2 10 0.5
Mars Orb. 3 25 0.5
Mars Orb. 4 5 1.0
Mars Orb. 5 10 1.0
Mars Orb. 6 25 1.0
Mars Orb. 7 5 5.0
Mars Orb. 8 10 5.0
Mars Orb. 9 25 5.0

Computer output is displayed in three composite figures, each pertaining to a particular
thruster separation distance. Figure 51 shows the results for L = 5 ft in seven
plots. Three plots give total control impulse as a function of thruster force level and
minimum on time. The portion of control impulse associated with maneuvers at high
level is shown on each of these three plots — note that this portion is independent of

F, A, and D as indicated in paragraph 3.6.4 equations. For L = 10 ft, we find

QHIGH LEVEL ~ 1433 lb-sec. As F is increased the cruise mode expenditure
departs from the fixed level associated with external torques (871 lb-gec). For a
given deadband and thruster separation distance (i.e., D and L) this departure tends

to occur at a fixed value of FA, so low A implies departure at high F and conversely
as can be seen in the figure. Another predictable trend is that larger deadbands

correspond to departure at higher F values.
Three companion plots give the required weight of cold nitrogen gas for the low level
thrusters. It can be seen that these plots are simply obtained by dividing the corre-

sponding low level impulse requirement by 65 sec. The weight value agsociated with
the threshold is therefore 871/65 = 13.39 lb.
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The seventh plot shows the required weight of high level propellant. Only one plot is
required since this result is independent of deadband. A thrust-independent value of
1434/65 = 22.06 lb of cold nitrogen gas would be required for high level maneuvers.
Lesser amounts of other propellants would be required with a slight dependence on

F observable owing to ISP dependencies.

Note the relative importance of selecting small, fast, low level thrusters. For

D = +0.5 deg we compare the combination FLOW LEVEL 0.05 1bf (FHIGH LEVEL —
1.0 Ibf), A = 0.025 sec where the low level control impulse is 875 lb-sec to the
combination FLOW LEVEL 0.2 (FHIGH LEVEL ~ 4.0), A = 0,075 sec where

low level control impulse is 7398 lb-sec. This latter value represents an increase of
750% and exceeds the high level requirement by 415%.

In Fig. 52 are displayed a similar set of plots for L = 10 ft. The thrust range has
been altered to maintain a maximum torque capability of 20 ft-1b. With this modifica-
tion and a halving of the ordinate scales, the two sets of plotted points can essentially
be overlaid. ! This being true, all previous trend comments apply. This pattern
extends to the third sets of plots for L. = 25 shown in Fig. 58.

The above mentioned pattern provides a convenient method of estimating requirements
for other thruster separation distances. For example, suppose we desire to find the
total control impulse requirements for L = 12 ft, A = 0.050 sec, and D = +1.0 deg
at FH[GH LEVEL — 1.5, FLOW LEVEL = 0.075 Ibf. We use the plot for run 5
where L = 10. Since L = 12 the abscissa point marked 1.8 corresponds to

FHIGH LEVEL 1.5 and is the point entered on the plot to read Q = 1390 Ibf-sec.
But this indicated value must also be scaled by the L ratio so that the desired result
is 1390/1.2 = 1160 lbf-sec.

Two identified constraints are indicated on each plot. One pertains to the roll control
thrust level required for a single high level thruster to counteract the assumed 3.0 ft-1b

lExceptions are weight requirements for propellants with thrust level dependent
specific impulse.
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main engine swirl torque. The other corresponds to the yaw excursion following a
1.5 deg/ sec tipoff rate. For dual thrusters having force levels lower than the indicated

value, spacecraft yaw excursion will exceed 10 deg before the rate is nulled.

A summary of Mars Orbiter mission control impulse requirements is presented in
Table 34. The term ""min low level" used in summary tables implies "'subject to

minimum force level constraints".

Table 34

MARS ORBITER-CONTROL IMPULSE SUMMARY

Thruster
Separation 5 10 25
L (ft)

High Level 1433 717 287
Impulse (Ib-sec) (F = 1.4 1bf) (F = 0.7 1bf) (F = 0.28 1bf)
Min. Low Level 871 435 174
Impulse (lb-sec) (F < 0.1 1bf) (F < 0.062 Ibf) (F < 0.025 1bf)
Min. Total
Impulse (lb-sec) 2304 1152 461

Note: Deadband = +0.5 deg
3.6.6 Solar Probe Mission
There are only two spacecraft configurations of interest for the Solar Probe mission;

one with full tanks at tipoff, the other consisting only of the bus and solar panels as
discussed in Section 3.3. The inertias for these two configurations are shown below.

Configuration
Moment
of Inertia Solar Probe 1 Solar Probe 2
I slug-ft2 1852 535
I, slug-ft? 1207 285
I, slug-ft? 1902 285
160
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Six mission elements are used to construct the mission.

1.

Type 1 with Configuration Solar Probe 1.

Tipoff rates of 0.5, 1.5, and 1.5 deg/sec, respectively, are removed using
a dynamic factor of 2.0.

Type 2 with Configuration Solar Probe 1.

Two acquisition search maneuvers (0. 2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 4 with dynamic factor = 2.

Roll torque of 3.0 ft-1b for 322 sec, corresponding to 5000 1bf main engine
burn.

Type 2 with Configuration Solar Probe 2.

Two commanded roll-pitch-roll turns of 0.2 deg/sec with dynamic factor =
1. 25 unwinds.

Type 2 with Configuration Solar Probe 2.

Two acquisition search maneuvers (0.2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 3 with Configuration Solar Probe 2.

A 730 day transit cruise with unity deadband factors and solar torques of
(1.8, 9.0, 9.0) x 1072 ft-1b about the X, Y, and Z axes respectively.

Nine computer runs were made using the same parameter combinations and run

numbering system described in the Mars Orbiter mission, paragraph 3.6.5. Computer

results are also displayed in three figures each with seven plots. Qualitative comments

previously made about trends and patterns continue to apply.

An immediate observation to be made from Figs. 54 , 55, and 56 is that the low

level requirements exceed the high level by a factor of at least 5. The high level

requirements are only 64% of the comparable values for the Mars orbiter mission

while the minimum low level requirements are 5749% of the corresponding Mars orbiter

mission value. Accordingly, the emphasis in the solar probe mission must be on the

cruise mode performance and minimization of external torque levels.
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One of the constraints indicated on each plot remains unchanged since the assumed
3.0 ft-1b main engine swirl torque exists as before. The thrust level pertaining to
yaw excursion after tipoff is lower, however, since the solar probe spacecraft moments

of inertia are appreciably lower.

A summary of Solar Probe mission control impulse requirements is presented in
Table 35.

Table 35

SOLAR PROBE — CONTROL IMPULSE SUMMARY

Thruster
Separation 5 10 25
L (ft)

High Level 921 461 184
Impulse (Ib-sec) (F= 1.2 1bf) (F = 0.6 1bf) (F = 0.24 Ibf)
Min. Low Level 4995 2498 999
Impulse (Ib-sec) (F < 0.11 Ibf) (F < 0.075 Ibf) (F < 0.023 1bf)
Min. Total
Impulse (lb-sec) 5916 2959 1183

Note: Deadband = +0.5 deg

3.6.7 Jupiter Orbiter Mission

Three spacecraft configurations are of interest to the Jupiter Orbiter mission per

discussion in Section 3.3. The inertias for this configuration are shown below:

Moments Configuration
of Inertia Jupiter Jupiter Jupiter
Orbiter 1 Orbiter 2 Orbiter 3
1 slug-ft2 1823 1138 696
L, slug-ft2 1188 1015 628
1 slug-£t2 1883 1333 646
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Nine mission elements are used.

1.

Type 1 with Configuration Jupiter Orbiter 1.

Tipoff rates of 0.5, 1.5, and 1.5 deg/sec, respectively, are removed using
a dynamic factor of 2.0.

Type 2 with Configuration Jupiter Orbiter 1.

Two acquisition search maneuvers (0.2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 4 with dynamic factor = 2.

Roll torque of 3.0 ft-1b for 304 sec, corresponding to the two 5000 lbf main
engine burns.

Type 2 with Configuration Jupiter Orbiter 2.

Two acquisition search maneuvers (0.2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 3 with Configuration Jupiter Orbiter 2.

A 900 day transit cruise with unity deadband factors and solar torques of
(0.2, 1.0, and 1.0) x 107° ft-Ib about the X, Y and Z axes respectively.
Type 4 with dynamic factor = 2.

Roll torque of 0.3 ft-1b for 23 sec, corresponding to the 500 Ibf main

engine burns. )

Type 2 with Configuration Jupiter Orbiter 2.

Four commanded roll-pitch-roll turns of 0.2 deg/sec with dynamic

factor = 1.25, unwinds.

Type 2 with Configuration Jupiter Orbiter 3.

Five acquisition search maneuvers (0. 2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 3 with Configuration Jupiter Orbiter 3.

A 180 day orbital cruise with unity deadband factors and solar/gravity
gradient torques of (1, 5, and 5) X 10~° ft-Ib about the X, Y, and 2 axes

respectively.
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Nine computer runs were made using established parameter combinations, run number-
ing system, and display formats. It can be seen from Figs. 57, 58, and 59

that minimum total requirements are not significantly different than those for compar-
able Mars configuration. A larger proportion of the impulse requirements are derived

from cruise mode operation, however.

Table 36 contains a summary of mission results.

The high level thrust constraint for yaw excursion subsequent to tipoff has been adjusted

for moment of inertia.

Table 36

JUPITER ORBITER — CONTROL IMPULSE SUMMARY

Thruster
Separation 5 10 25
L (ft)

High Level 1015 508 203
Impulse (Ib-sec) (F = 1.2 1bf) (F = 0.6 1bf) (F = 0.24 1bf)
Min. Low Level 1406 703 281
Impulse (Ib-sec) (F < 0.085 1bf) (F < 0.04 1bf) (F < 0.017 1bf)
Min. Total
Impulse (lb-sec) 2421 1211 484

Note: Deadband

=

+0.5 deg.

3.6.8 Jupiter Flyby Mission

Two spacecraft configurations are of interest to the Jupiter Flyby mission as noted in

Section 3.3.

LOCKHEED MISSILES & SPACE COMPANY
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The moments of inertia for this configuration are shown below.
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Moments Configuration

of Inertia Jupiter F.B. 1 Jupiter F.B. 2
I_slug-ft? 2685 1264

I, slug-ft? 2102 617

I slug-ft? 2798 677

Seven mission elements are employed.

1.

Type 1 with Configuration Jupiter Flyby 1.

Tipoff rates of 0.5, 1.5, and 1.5 deg/sec, respectively, are removed using
a dynamic factor of 2.0.

Type 2 with Configuration Jupiter Flyby 1.

Two acquisition search maneuvers (0.2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 4 with dynamic factor = 2.

Roll torque of 3.0 ft-1b for 322 sec, corresponding to the 5000 lbf main
engine burn.

Type 2 with Configuration Jupiter Flyby 2.

Six acquisition search maneuvers (0.2 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5,

Type 2 with Configuration Jupiter Flyby 2

Four commanded roll-pitch-roll turns of 0.2 deg/sec with dynamic

factor = 1.25, unwinds.

Type 4 with dynamic factor = 2.0.

Roll torque of 0.06 ft-1b for 113 sec, corresponding to duration of 100 1bf
main engine burns.

Type 3 with Configuration Jupiter Flyby 2.

A 900 day transit cruise with unity deadband factors and solar torques of
(0.2, 1.0, and 1.0) X 10~9 ft-1b about the X, Y, and Z axes respectively.
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Plotted results in Figs. 60 , 61, and 62 and tabulated results in Table 37 show
that the high level requirements for the Jupiter orbiter and flyby missions are not
appreciably different but the minimum low level requirements of the flyby mission are
half those of the orbiter. This is to be expected because of the shorter cruise duration.
For higher thrust levels, however, the low level flyby requirements exceed those of
the orbiter. This can be explained by the moment of inertia values. The flyby mission
has lower values during cruise (nearly empty propellant tanks) and hence higher limit
cycle frequency. Recall that minimum low level requirements are not dependent on

moment of inertia.

Table 37

JUPITER FLYBY — CONTROL IMPULSE SUMMARY

Thruster
Separation 5 10 25
L (ft)

High Level 1129 564 226
Impulse (lb-sec) (F = 1.2 1Ibf) (F = 0.6 1bf) (F = 0.24 Ibf)
Min. Low Level 711 356 142
Impulse (Ib-sec) (F < 0.08 1bf) (F < 0.042 Ibf) (F < 0.017 Ibf)
Min. Total
Impulse (Ib-sec) 1840 920 368

Note: Deadband = +0.5 deg.
3.6.9 Intermediate Size Lunar Lander Mission

Two spacecraft configurations are of interest for the Lunar Lander Mission per

Section 3.3 discussion. The inertias for these configurations are shown below:

Moments Configuration

of Inertia Lunar 1 Lunar 2
1 slug-ft? 3890 0624
Iy slug—ft2 3980 3109
L, Slug—ft2 4119 3248
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Eight mission elements are employed.

1.

Type 1 with Configuration Lunar 1.

Tipoff rates of 0.5, 1.5, and 1.5 deg/sec, respectively, are removed using
a dynamic factor of 2. 0.

Type 2 with Configuration Lunar 1.

Four acquisition search maneuvers (0.5 deg/sec about each axis) are initiated
and terminated using a dynamic factor of 1.5.

Type 3 with Configuration Lunar 1.

A 5.5 day transit cruise with unity deadband factors and solar torques of
(0.2, 1.0, and 1.0) x 10~° ft-1b about the X, Y, and Z axes respectively.
Type 2 with Configuration Lunar 1.

Four commanded roll-pitch-roll turns with unwinds of 0.5 deg/sec with
dynamic factor = 1.25.

Type 4 with dynamic factor = 2.

Roll torque of 3.0 ft-Ib for 450 sec duration. Corresponds to a set of

5000 1bf main engine burns sufficient to empty propellant tanks.

Type 3 with Configuration Lunar 2.

One half day orbital cruise with 0.5 deadband factors and solar torques of
(0.2, 1.0, and 1.0) x 1072 ft-1b about the X, Y, and Z axes respectively.
Type 2 with Configuration Lunar 2.

Six initiated and terminated turns (0.5 deg/sec about each axis) pertaining
to gyro reference updates in orbit (or acquisition searches). Dynamic
factor = 1.25.

Type 2 with Configuration Lunar 2,

Commanded high speed, roll-pitch-roll turns prior to descent burn. Dynamic
factor = 1.25. To provide for one maneuver with unwind (aborted descent)
and one without set Ku =1,Kg = 1.5. Rate = 2.0 deg/sec.

Because of the relatively short transit cruise duration and the need for higher speed

maneuvers, several differences in the mission structure will be noted. Most impor-

tantly, dual thruster force levels are not used since the associated propellant penalty

1€9
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during cruise operation is offset by reliability and hardware weight considerations,
Consequently, the exact values of solar/gravity gradient torques are of little importance
since cruise mode expenditure is dominated by the threshold term discussed in para-
graph 3.5.4. The low level/high level nomenclature is retained, however, since it
serves to distinguish cruise mode expenditures from those associated with other
maneuvers. We simply note that the ratio of high level thrust to low level thrust is

norhinally 1. 0* for this mission.

Higher turning rate requirements are anticipated throughout the mission to meet

guidance system constraints.

Subject to the preceding comments, computer results are presented in Figs. 63 ,

64 , and 65 in a plot format that is identical to that of the other missions. An
additional relationship between thrust level and the time required to impart a 1. 0 deg/
sec orbital configuration yaw rate is shown for reference purposes.** This considera-
tion could have important guidance ramifications and cause the acceptable minimum
thrust level to be raised in order to achieve high speed maneuvering capability.

The same summary table format previously used is also applied to this mission in
Table 3.10. The term "low level" corresponds to the minimum thrust value defined
by the tipoff yaw excursion constraint, not the much lower value defined by the
(unrealizable) threshold condition, Nevertheless, the requirements for maneuvering

are still 7. 6 times the minimum cruise mode requirements.

*The distinction between single pulse thrust level and steady state thrust level is
neglected here, It can be accounted for in a variety of ways (e.g., an adjusted
interpretation of effective on time, A).

**Yaw i8 selected because that moment of inertia is largest.
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Table 38
LUNAR LANDER — CONTROL IMPULSE SUMMARY
Thruster
Separation, 5 10 25
L (ft)

High Level 3945 1973 789
Impulse (Ib-sec) (F = 1.61bf) |(F = 0.811bf) | (F = 0.321bf)
Low Level 517 259 103
Impulse (lb-sec) (F = 1.6 Ibf) |[(F = 0.811bf) | (F = 0.32 1bf)
Total
Impulse (b-sec) 4462 2232 892

Note: Deadband = +0.5 deg

3.7 ACS REQUIREMENTS SUMMARY

Following the analysis of the attitude control systems requirements calculations and

computer outputs, the following general observations and conclusions are made:

1. Two levels of thrust are required, for most of the missions analyzed, in

order to keep ACS propellant requirements to an acceptable low level.

For the lunar lander mission the high-level thrusters could be used for

the short transit and orbit times, as well as for maneuvers, at a relatively
small penalty. High-level thrusters in the 1 to 5 1b thrust range are suitable
for all the missions, while low-level thrust in the 0.05 1bf range is
recommended (0.3 1bf for the lunar lander).

Limit cycle operation should be accomplished with the smallest combination
of thrust and thruster on-time that will overcome external torques. Specifically,
assuming a thruster separation of 10 ft, minimum inputs bits (MIB) of

0.001 1bf-sec or less were found desirable for the solar probe mission,

0. 00125 1bs-sec for the Jupiter Orbiter and Jupiter Flyby, 0.0015 Ibf-sec
for the Mars Orbiter, and 0. 0075 for the Lunar Lander.
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3. Thruster location should be as far as practical from the center of mass and
rotation. For example, if solar panels are installed then location of
thrusters at panel extremities should be considered. Note, though, that
there is an optimum Minimum Impulse Bit value associated with each
thruster location, all other mission and spacecraft conditions being fixed.
If that optimum MIB cannot be achieved, then some shorter moment arm
can be found which will be more economical of ACS propellant.

4, Thruster on-time should be as low as practical for 1imit cycle operation.
An on-time of 0,025 sec was chosen as the lower practical limit for the
analysis, although it is known that somewhat lower values are achievable
for specific propellants and systems.

5. Limit cycle deadband should be as large as mission requirements allow,
especially during long-term cruise or orbit.

6. High-level propellant requirements are mildly sensitive to thrust level
and directly proportional to specific impulse.

7. Mars Orbiter high-level propellant requirements vary from 21 percent (for
F2/ Hz) to 60 percent (for cold N2 gas) of total ACS propellant requirements
when combined with an optimized low-level system using cold N2 gas.

A summary of normal or recommended ACS parameters isrpresented in Table 39
together with estimated weights for propellants and total ACS systems. For all
missions the use of a N H 4 monopropellant for the high-level system resulted
in the lightest total weight. The estimation of system weights is described in the
following subsection.

3.8 ACS SYSTEM WEIGHT ESTIMATES

A preliminary examination of methods for mechanising ACS systems was made in order

to compare system weights and recommend a concept.

Cold N2 Gas and Cold N2H4 Ga}s.

The only systems examined that were capable of delivering the very low thrust and
minimum impulse bit required were cold N2 gas and cold N2H 4 8as.
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Table 39

SUMMARY OF NOMINAL OR RECOMMENDED ACS PARAMETERS
AND ESTIMATED WEIGHTS

Lunar Solar Jupiter | Jupiter Mars
Mission Lander Probe Orbiter FlyBy |Orbiter
Nominal Limit Cycle Deadband .
(x deg) 0.5 0.5 1.0 1.0 1.0
t Nominal Thruster Separation
Distance Assumed (ft) 10 10 10 10 10
Recommended Limit Cycle Pulse
Width (sec) =,025 =,025 =,025 =,025 =,025
Recommended Low-Level
Thrust (1bf) =.30 =, 06 =,04 =,05 =,05
Recommended High-Level
Thrust (Ibf) 1to5| 1to5 1to5 1to5 1to5
Low Level Impulse Required
(lb-sec) 21 454 2503 801 370
High Level Impulse Required at
1.4 1bf (Ib-sec) 1972 717 460 508 564
Sum of Low and High-Level
Impulse (b-sec) 1993 1171 2963 1309 934
*Low Level Propellant
(N2 gas) (Ib) 0.32 6.99 38.51 12, 32 5.70
*High-Level Propellant (lb)
N, gas 30.35 11. 03 7.08 7.81 8.68
NgHy 8.83 3.21 2. 06 2.30 2.55
N2O4/MMH 7.46 2.7 1.74 1.94 2.15
FLOX/CHy 6.18 2.25 1.44 1.61 1.79
Fo/Hg 5.16 1.88 1.20 1.34 1.49
Estimated Total ACS System
Wt (Ib)
Low-Level/High-Level (1.4 1bf)
No Gas/No Gas 97.4 68.8 155.9 73.3 62.9
Ny Gas/N2H4 48.6 55.1 125.9 66.6 54.5
Ng Gas/N,04/MMH 59.5 72.9 ' | 145.0 84.5 72.4
Ny Gas/FLOX/CHy 63.2 72.4 | 144.7 84.2 72.0
N, Gas/F,/H 62.4 73.2 145.6 86. 1 72,7
N2 H4 Gas/NgH4 48.5 69.4 50.0 44.0 47.0

* Impulse Propellant With No Redundancy

t Thruster Separation of 20 to 25 ft, easily achievable with spacecraft using solar panels
for power, would reduce thrust levels and impulse requirements in direct proportion
to the increased separation distance.
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The cold N2 gas system is the most widely used to date, is inherently simple, and
easily storable. Cycle life is limited by pressure regulators and solenoid valves and
contamination is one of the most severe problems, leading to leakage. The dominant
environmental problem is vibration with the pressure regulator most susceptible to
vibration failure. Attractive applications are in thrust levels of one lb or less. A
cold N2 gas system, with two levels of thrust controlled by varying regulated pressure,

can meet all requirements for the missions and spacecraft studied.

Use of cold N2H4 gas for low-level thrust in combinations with N2H 4 monopropellant
high-level thrusters was examined briefly. This system has the dual advantages of use
of a common propellant coupled with the lowest estimated weight for each mission,

For the most demanding mission (Solar Probe) the ACS system weight is estimated at
69.4 pounds as compared to 125. 9 pounds for the next lightest system which uses cold
N2 gas for low-level and N2H4 for high level control.

Heating of the cold gases was not evaluated, but may prove attractive in increasing

the delivered specific impulse.

N2H 4 Monopropellant

N2H 4 monopropellant is useful and attractive in the 1 to 5 lb thrust range and is capable

of delivering a specific impulse of about 235 sec steady state. The main problem is keep-
ing the propellant from freezing (at +34°F). This system is not suitable for the low-
level ACS requirements studied but yields the lightest weights for the high-level thrust

applications, as shown by Table 39.

Bipropellants

Bipropellants are most useful at thrust levels exceeding 5 or 10 Ib. It is therefore
marginal to consider bipropellants even for high-level ACS thrusters for the configu-
rations studied. Isp values varying from about 275 sec for MMH to about 400 sec for
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F2/ Hz are realizable in the 5 to 10 1b thrust range. Problems with low thrust bi-
propellant engines includes hard-start, valve leakage in hard vacuum, injector heat

soakback in buried installations, and orifice plugging.

Total ACS system estimated weights are presented in Tables 40 through 44 for

alternate missions and propellant combinations, Assumptions made in preparing

these estimates are:

. 10 percent excess propellants
2. Thruster redundancy on both low and high thrust levels. Use 4 squib

valves to transfer
3. Titanium tanks used for all gases and liquids except aluminum tanks used

for LH2 and LF2
4. 1.5 safety factor used in all tanks. 10 percent ullage in all liquid tanks

Minimum tank weight of 0.3 Ib
N2 thrusters have 15 psia chamber pressure. Monopropellant and bi-

propellant thrusters operate at 300 psia (except F, /H2 100 psia)
7. H2 and F2 are gaseous when introduced into chamber. Chamber pres-
sure is 100 psia. Two pressure regulators required for separate gases

8. No instrumentation weight included

Note from the tables that the alternate bipropellants have essentially constant system

weight for a given application in spite of differences in Is D'
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Table 40

MARS ORBITER ACS SYSTEM WEIGHT

Propellant Combination, Low Level/High Level & Wts (Lb)

N2/ No/ N2H4
- Components No/Ng 1\?1 %/4 N20O4- FLOX- HNz_{? Cold/
2 MMH CHy 2752 | NoHy
N, Gas 19.9 7.7 7.7 7.7 7.7 -
N, Tank 22. 8 8.9 8.9 8.9 8.9 -
N, Fill Valve 0.2 0.2 0.2 0.2 0.2 -
N,, Squib Valve 0.2 0.2 0.2 0.2 0.2 -
N, Regulator 1.2 1.2 1.2 1.2 1.2 1.2(0
12 N, Thrusters 3.6 3.6 3.6 3.6 3.6 3.6
12 N, Thrusters @)@ 3.6 3.6 3.6 3.6 3.6 3.6
4 Squib Valves 0.8 0.8 0.8 0.8 0. 0.8
Fuel Fill Valve _ 0.2 0.2 | 0.2 0.2 0.2
Oxid Fill Valve - - 0.2 0.2 0.2 -
N, Regulator - 1.2 1.2 1.2 2.4 -
Fuel - 3.5 1.2 0.4 0.2 8.5
Fuel Tank - 0.3 0.3 0.3 0.3 0.8
Oxid - - 1.8 2.1 1.9 2.40)
Oxid Tank - - 0.3 0.3 0.3 2.24)
12 Thrusters 6.0 9.6 18.0 18,0 18.0 9.6
12 Thrusters (R)® 6.0 9.6 18.0 18.0 18.0 9.6
Lines, Brackets
Clamns, Fitﬁngs} 4.5 4.5 5.5 5.5 5.5 4.5
Total Wt, (lb) 68.8 55.1 72.9 72.4 73.2 47.0
(1) He Regulator '
(2) Redundant Thrusters
(3) Gas Generator
(4) Gas Generator Plenum
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Table 41
SOLAR PROBE ACS SYSTEM WEIGHT
Propellant Combination, Low Level/High Level & Wts (Lb)
Na/ Na/ N2Hg
Components N2/N2 1\? 2}_{4 NoO4- FLOX- HNZ_{? Cold/
2 MMH CH4 27%2 | NoH4
N2 Gas 50.2 42,4 42.4 42,4 42.4 -
N2 Tank 79.6 47.4 47.4 47.4 47.4 -
N2 Fill Valve 0.2 0.2 0.2 0.2 0.2 -
N2 Squib Valve 0.2 0.2 0.2 0.2 0.2 -
N, Regulator 1.2 1.2 1.2 1.2 1.2 1.2
12 N2 Thrusters 3.6 3.6 3.6 3.6 3.6 3.6
12 N, Thrusters ®® 3.6 3.6 3.6 3.6 3.6 3.6
4 Squib Valves 0.8 0.8 0.8 0.8 0.8 0.8
Fuel Fill Valve - 0.2 0.2 0.2 0.2 0.2
Oxid Fill Valve - - 0.2 0.2 0.2 -
N,, Regulator - - 1.2 1.2 2.4 -
Fuel - 2.3 0.7 0.2 0.1 29.8
Fuel Tank - 0.3 0.3 0.3 0.3 1.9
Oxid - - 1.2 1.4 1.2 2.4
Oxid Tank - - 0.3 0.3 0.3 2,24
12 Thrusters 9.6 18.0 18.0 18.0 9.6
12 Thrusters (R)(z) 9.6 18.0 18.0 18.0 9.6
Lines, Brackets
Clamps, Fittings 4.5 4.5 5.5 5.5 5.5 4.5
Total Wt, (1b) 155.9 125.9 145.0 144.7 145.6 69.4
(1) He Regulator
(2) Redundant Thrusters
(3) Gas Generator
(4) Gas Generator Plenum
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JUPITER ORBITER ACS SYSTEM WEIGHT
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Propellant Combination, Low Level/High Level & Wts (Lb)

c Na/ N2/ Na/ No/ N2H4
omponents N2 /Ng NoHy NoO4- FLOX- Ho -Fo Cold/

: MMH CHy NoHy
N, Gas 22,1 13.6 13.6 13.6 13.6 -
N, Tank 25.1 15.5 15.5 15.5 15.5 -
N2 Fill Valve 0.2 0.2 0.2 0.2 0.2 -
N, Squib Valve 0.2 0.2 0.2 0.2 0.2 -
N, Regulator 1.2 1.2 1.2 1.2 1.2 1.2(M
12 N, Thrusters 3.6 3.6 3.6 3.6 3.6 3.6
12 N, Thrusters ®® | 3.6 3.6 3.6 3.6 3.6 3.6
4 Squib Valve 0.8 0.8 0.8 0.8 0.8 0.8
Fuel Fill Valve - 0.2 0.2 0.2 0.2 0.2
Oxid Fill Valve - - 0.2 0.2 0.2 -
N2 Regulator - 1.2 1,2 1.2 2.4 -
Fuel - 2.5 0.8 0.3 0.2 11.3
Fuel Tank - 0.3 0.3 0.3 0.3 1.0
Oxid - - 1.3 1.5 2.3 2,40)
Oxid Tank - - 0.3 0.3 0.3 2.2
12 Thrusters 6.0 9.6 18.0 18.0 18.0 9.6
12 Thrusters (R)®?) 6.0 9.6 18.0 18.0 18.0 9.6
éi:fnsﬁs?ﬁ‘:g; } 4.5 4.5 5.5 5.5 5.5 4.5
Total Wt, (Ib) 73.3 66. 6 84.5 84.2 86. 1 50. 0

(1) He Regulator
(2) Redundant Thrusters
(3) Gas Generator

(4) Gas Generator Plenum
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Table 43

JUPITER FLY-BY ACS SYSTEM WEIGHT

K-21-69-9
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Propellant Combination, Low Level/High Level & Wts (Lb)

No/ Na/ N2/ No/ N2Hy
Components N2/Ngo NoHy NoO4- FLOX- Ho-Fo Cold/
MMH CH4 NoHy
N, Gas 15.8 6.3 6.3 6.3 6.3 -
N, Tank 17.5 7.0 7.0 7.0 7.0 —~
N, Fill Valve 0.2 0.2 0.2 0.2 0.2 -
N, Squib Valve 0.2 0.2 0.2 0.2 0.2 -
N, Regulator 1.2 1.2 1.2 1.2 1.2 1,20
12 N, Thrusters 3.6 3.6 3.6 3.6 3.6 3.6
12 N, Thrusters ®? | 3.6 3.6 3.6 3.6 3.6 3.6
4 Squib Valves 0.8 0.8 0.8 0.8 0.8 0.8
Fuel Fill Valve - 0.2 0.2 0.2 0.2 0.2
Oxid Fill Valve - - 0.2 0.2 0.2 -
N2 Regulator - 1.2 1.2 1.2 2.4 -
Fuel - 2.8 0.9 0.3 0.1 9.1
Fuel Tank - 0.3 0.3 0.3 0.3 0.9
oxid - - 1.5 1.7 1.4 2.4©)
Oxid Tank - - 0.3 0.3 0.3 2.2¢)
12 Thrusters 6.0 9.6 18.0 18.0 18.0 9.6
12 Thrusters ®R)®) 6.0 9.6 18. 0 18. 0 18.0 9.6
é}gifpf?ﬁi‘fxf;s I 4.5 4.5 5.5 5.5 5.5 4.5
Total Wt, (lb) 62.9 54.5 72.4 72.0 72.7 44.0
(1) He Regulator
(2) Redundant Thrusters
(3) Gas Generator
(4) Gas Generator Plenum
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LUNAR LANDER ACS SYSTEM WEIGHT

K-21-69-9
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Propellant Combination, Low Level/High Level & Wts (Lb)

Nao/ Ng/ N2/ NZ/ N2H4
- Components N2/Ng3 NoHy N2O4- FLOX- Ho-F2 Cold/
MMH CH4 N2oH4
N, Gas 33.8 3.0 2.5 2.3 1.8 -
N, Tank 37.5 0.6 0.6 0.6 0.4 -
N2 Fill Valve 0.2 0.2 0.2 0.2 0.2 -
N, Squib Valve 0.2 0.2 0.2 0.2 0.2 -
N, Regulator 1.2 1.2 1.2 1.2 1.2 1,21
12 N2 Thrusters 3.6 3.6 3.6 3.6 3.6 3.6
12 N, Thrusters ®?@ | 3.6 3.6 3.6 3.6 3.6 3.6
4 Squib Valve 0.8 0.8 0.8 0.8 0.8 0.8
Fuel Fill Valve - 0.2 0.2 0.2 0,2 0.2
Oxid Fill Valve - - 0.2 0.2 0.2 -
N, Regulator - 1.2 1,2 1.2 2.4 -
Fuel - 9.7 3.2 1.0 0.4 9.9
Fuel Tank - 0.6 0.5 0.3 0.3 0.9
oxid - - 5.1 5.8 5.3 2,40
Oxid Tank - - 0.5 0.5 0.3 2.2¢)
12 Thrusters 6.0 9.6 18.0 18.0 18.0 9.6
12 Thrusters (R)‘z) 6.0 9.6 18.0 18.0 18.0 9.6
Lines, Brackets,
Clamps, Fittings, 4.5 4.5 5.5 5.5 5.5 4.5
Elec Harness
Total Wt, (Ib) 97.4 48.6 59.5 63.2 62.4 48,5

(1) He Regulator

{(2) Redundant Thrusters

(3) Gas Generator

{4) Gas Generator Plenum
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3.9 RECOMMENDATIONS

It is recommended that further examination of ACS systems for the spacecraft and

missions studied concentrate on the following alternatives:

. Cold N2 gas for both low and high-level thrust as the most simple system
2. Cold N2 gas for low-level and NzH 4 for high-level thrust as a system
within current technology and of lighter weight than all cold N2 gas
3. Cold N2H 4 B82S for low-level and NzH 4 for high-level thrust as the lightest

weight system
4. Consideration of heating the cold gases to improve Isp and reduce system

weight
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Appendix A

ATTITUDE CONTROL LIMIT CYCLE EXPENDITURE IN
PRESENCE OF CONSTANT APPLIED EXTERNAL TORQUE

A.1 SYSTEM DESCRIPTION

An idealized bang-bang type controller for a single spacecraft control axis is assumed

as sketched below.

MOMENT OF INERTIA =1

Controller action generates a sequence of thruster pulses (duration = A seconds) such
that the angle © is maintained within a deadband definedby - D = © =< D. In the
absence of an external torque, M, the spacecraft centers a two-sided, single pulse

limit cycle.

We are interested in the time integral of thruster pulses (denoted control impulse, Q,
Ibf-sec) since this defines attitude control propellant requirements during cruise mode
operation. For convenience in treating variable length missions we emphasize the

time rate of Q (i.e., Q , lbf-sec per sec).
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Two extreme cases are analyzed with relative ease: (a) M = 0, and (b) M large
enough that single sided pulsing is assured. For the range of constant M levels
between these limits, however, system performance is more complex owing to the

combination of single and two sided pulsing and dependence on initial conditions.
A.2 ZERO EXTERNAL TORQUE CASE

In the diagram below is shown the © history for a symmetric limit cycle where

6 & *w. Negative sense F pulses occur at points A and C, and a positive sense
pulse occurs at point B. The change in angular velocity at each pulse, *2w, is

given by +180 FLA/nl so that

w , deg/sec 2 ﬂ)”—IF-l—A 8y

o | SLOPE =-w
SLOPE = -w /
. D

Observing that P = 4D/w and Q o = 4F&/P we find

i,

PR Q _ FA(-IJ _ QO(FAlZL .
o D 7D (2)

We wish to consider a more general initial condition for © , however, given by

w, = Cw where 0 < C = 2. This contains the entire range of interest since the
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C > 2 condition would simply generate more than one pulse (ideally) at t = 0 before

settling into a non-symmetrical limit cycle such as shown below.

SLOPE = w,
F—SLOPE =W,
SLOPE = w, D‘L\( K
=1
-D
We know that Wy =Wy -2w = (C - 2)w . Therefore,
P = 21’(:,L - w—l) - —
1 2 w (2C - C%)
and
g - 90 (FA)? L (2€ - ¢%) )
B 7ID

Inspection of Eq. (1) shows that Q is maximized with respect to C when C = 1,
in which case the equation reduces to Eq. (2). So initial conditions corresponding to
the symmetric case give maximum propellant expenditure; a conservative approach to

requirement estimation must therefore consider the Qo defined by Eq. (2).
A.3 LARGE EXTERNAL TORQUE CASE
Relatively large applied torques are counteracted over long time intervals by periodic

single sided pulsing. The condition that average & = 0 over one period leads to the
relation FLA = MP. Since Q = 2FA/P we see that
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Q= == (4)

Equation (4) indicates that propellant expenditure to counteract large torque levels is
proportional to the torque, inversely proportional to the lever arm, and independent

of thrust level or pulse width (assuming fixed ISP)'

At this point it is instructive to construct the following diagram.

. a- 3
Q
2M
2
7
7~
e
/
7
B oand
| M
M
Solving for the indicated intersection yields
2 2
_ 45 (FAL)" _ #u” 1
M, ==  ~ 180D ()

One is tempted to use the above figure in estimating propellant requirements. That is,
Eq. (4) is used when M = M; while the Qo threshold for M = 0 is used for
smaller torque levels. As will be indicated in the next section, however, this approach

is erroneous and leads to distinctly incorrect results in the reglon 0 < M < ML .

A4
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A.4 INTERMEDIATE EXTERNAL TORQUE CASE

We first seek that M value above which we must have a sustained single sided limit
cycle (denoted the "1-1"" mode) regardless of initial condition éo =Cw, 0=C = 2.
This was accomplished with the aid of a small computer program (conversational
desk-top type). For a particular value of C, M was gradually reduced until the
controller switched into a 2-1-2-1-2-1-.,. pulse pattern (henceforth denoted the "2-1
mode"). It was found that the highest M value at which switching occurred is asso-
ciated with the extreme C values, C = 0 or C = 2. A limiting condition for the

2-1 mode limit cycle was also found that enables calculation of this M value. As
sketched in the diagram below this limiting condition is characterized by incident and
departure rates at the positive deadband of 2w and -2w, respectively. Furthermore,

the two time intervals, t. and t_, are equal.

1 2°
SLOPE = - 2w
De { SLOPE = 20
)A\ A6 = - 4w (2 PULSES)
| -

Z. AO = 2w (1 PULSE)

We can now write two equations involving angular acceleration, a, owing to the

external torque, where a, deg/sec2 = 180 M/nl.
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Eliminating t1 we find

0
I
(oo
N

w_
D

We can now compute the upper switch point between the 2-1 and 1-1 modes.

In similar fashion it was also shown that the lower switch point between these two
modes is givenby M = 1/4 M, .

It is easy to see that, for a given M, the 2-1 mode Q level is three times that of the
1-1 mode. This is true since the un-paired negative pulses in the 2-1 mode must
occur with the same frequency as in the 1-1 mode to counteract M. The additional
two pulses in this interval simply expend additional propellant. So the appropriate

expression in the 2-1 mode is

The information found thus far is presented in the following diagram.

Also displayed is the performance line for the 2-2-1 mode, the upper switch point for
which is at M = 15/64 ML'

The most important observation to be made is that unfavorable initial conditions can
‘cause propellant expenditure rates 125% higher than those predicted by the over-
simplified rule Q = Max (Qo , 2M/L). A conservative approach suggests the follow-
ing expression for preliminary design purposes.

Q=Ma.x(2.25Qo . 2M/L) (6)

A-6
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Equation (6) places the threshold at the peak of the operating range on the 2-1 mode
line. Since no peaks at lower M values exceed this threshold, further analysis is

not required.

A secondary observation involves the strong (quadratic) dependence of Qo on thrust

level and pulse width. The desirability of low thrust levels and small pulse widths for

long cruise missions is evident.

&lw
z
Z
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Appendix B

TRANSIENT PERFORMANCE OF AN ATTITUDE CONTROL CHANNEL
USING A DIGITAL PSEUDO RATE CONTROLLER

B.1 INTRODUCTION

The ratio between actual and ideal control impulse expenditure for a specified space-
craft maneuver is termed the ""dynamic factor' in the attitude control system require-
ments task. It differs from 1.0 because realizable closed loop controller mechaniza-
tions involve rate overshoot and undershoot behavior that expends propellant in excess
of that required for ideal tracking of the command. To provide a sound basis for
estimating dynamic factors a digital computer model of a promising controller candidate

and single spacecraft control axis was employed.

As established in the primary analysis task, dual attitude control thruster levels are
indicated for the interplanetary missions. A secondary objective of this simulation
effort was to make a preliminary determination of whether the same type of controller

(with possible parameter adjustments) is suitable for both thrust levels.

B.2 SYSTEM DESCRIPTION

A block diagram of the system simulated is shown in Fig. B.1. Spacecraft dynamics
are modeled relatively simply by equating angular acceleration to the sum of control
and external torques, the latter consisting (generally) of constant and angle proportional
components. Note that all angles are expressed in degree units. The diagram is
appropriate to angle sensing by means of sun sensors, star sensors, or integrating
rate gyros since low frequencies are of interest. A simple diagram (hence computer

model) modification permits simulation of a caged (rate) gyro sensing mode.
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The controller is a sampled data version of the standard pseudo rate controller featur-
ing unequal feedback time constants in the on and off modes. Such a controller is
particularly well adapted to implementation by means of a time-shared onboard digital
computer, a consideration appropriate to the spacecraft generation of interest. Primary
sampling occurs at A second intervals which, as indicated by the zero order hold
function, coincides with the thruster minimum on time. Accordingly, the control

torque generated by two thrusters (separated by distance L) consists of a modulated

string of pulses, each having area + FLA (or zero) where F = thruster force.

Stabilization is accomplished by the feedback difference equation that generates a
static variable (denoted X) for comparison with the sampled angle error signal sealed
by the reciprocal deadband. The use of a unit deadband inside the controller loop is,
of course, an arbitrary arrangement. Three numerical parameters are employed in
the controller difference equation. Coefficients CN and CF are related to the
analog "on" and "off" time constants, respectively, while K is a gain term for the
"on'' state. Observe that, owing to the zero order hold function, there is no need for

a hysteresis element such as usually found in an analog mechanization.
B.3 CRUISE MODE CONTROLLER PARAMETER SELECTION

A series of computer runs was made with typical Mars cruise spacecraft data

(I = 3500 slug-ft2, D = 20.5deg, L = 11ft, F = 0.11bf, A = 0.05 sec) to establish
a satisfactory set of values for CN . CF , and K,

Figures B.2a, B.2b, and B.2c show a capture transient from the initial condition

eo = 1.0 deg, éo = - 0.0005 deg/sec. Controller parameters are CN = 0.012,

CF = 0.0002, K = 7.5. External torque was set to zero for this run, denoted Run 21,
Note that © enters the deadband to remain thereafter in the single pulse mode at

t = 700 sec. The two angle rates in this mode are +0.0004 and -0.0005 deg/sec

as governed by system data and initial condition choices. Figure B.2b is the asso-
ciated capture phase planeJr where the switching surface and 25 thruster pulses leading

T Approximate shape constructed by 2000 linear segments thus artificially smoothing
display of true discontinuous phase plane.

B-3

LOCKHEED MISSILES & SPACE COMPANY



K-21-69~9
Vol. III

RUN 21 THETA HISTORY
Inftiol Capture With Low Leve! Thriatens

L 3 - R
" . - - | ] Ll
1NgReN ».. » 1.0 deg 1 = 3500 slug-# IHONS NNSS

8, = -0.0003 deg/sec = 40,5 dog

- €y = 0.012
T € = 0.0002 oamr UL

K =75 0.05 rec bl
SE0E =1 Externol Torque = 0 | 41

@ N .
LRI et
L

pwme—~ Q

-+t t-FHtHt -

THETVA.

181 " t
1 gEES L1 Lilliipe: 5 T¢
. 1 L Sand ASREEERRRERRARE e
T T AT i oo
1 808
- -+ } 3 P
RTINS ERESS RS } - ropo g
i
18 ..! t4-44 - H 4 . N
+ . e 3 PR
’ I i
USRS | .
+ ».." . [ N -: r!_ S Rt
+ +
- -+ + e R et Rt
+t L3k 1‘,-».;.;. 4 .‘L SN SO R ks =
_.Li. ,‘t s i [_,_J.',. N ‘L L teead o
i § i I i
] i

TING. SECONDS

Fig. B.2a Theta Capture Transient — Run 21

hat 2t 1
RUN 21 PHASE PLANE
{ ; b .
-+ 1L ) O - ERES Libes oo
O 0 O I T 8 -4 -_,AL? U R USRI S
4 | L " b FEN
I
- L1 . N R e e $ soe foeme
] N IR Y I N 5 Y N S
B BN -
4 [ RS NN
Initial Capture With Low Level Thrastenn | |
Egn [

8 = 1.0deg I = 3500 sdog-h?

NN § = -0.0003 deg/see D = +0.5deg . ..
= 0.012 L=1p b
= 0.0002 Fe0lhf .

4 1+ -4 -

-+ -4+

84\{\

=75 A= 0.5 —p
- —~(>¥ ~+  Extorned Tm » s
e r Ty ,

JRENI l,,ﬂ THH ISUNY
1 -

THETA 0OV, OEOREES/NECONS

SENp Y. Al bl ] B 0 N N SO ) DO N SR
L+t AU . WU ENE SRR S—
-+ 4+ .

b
b et
£

,,144_ TS R
i | v
L4

-
T
Il

-4
{

-4 -+ F -
| i

¥

ah o

[ I .
1
T

+
e

=
p——
-
-

-

b

i

B E g
TUETA, QEORIES

Fig. B.2b Phase Plane — Run 21

B4



K-21-69-9
Vol. III

RUN 21 CONTROL [MPULSE HISTORY -
RN .
[N . .
RN R R [N
ey
RS . .
. | DR N
S
d i: I +
s !‘fé NS I S D N B
’-‘"? ] Initial Capture With Low Level Thrusten
PO I U R
Ly, . ]. 0., 8, =1.0deg 1= 3800slugh? JD T
; e Oo = -0.0005 deg/sac D = :0 Sdeg
e Hi b =0 Lk .
% H-efret ¢ = 00002 Fe0ilbf -
s B K e A=005mw -
; ™" 71" """ External Torque = O -

RS YR S LIRS IR SR

ERCEE RS R I E NI S IRIEICINNE SEEIEPIN ORI

TTT T
o

PSSO ST SO S N JRORapa

— ~.L g r “—
TING. SECONDS
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to the single pulse mode may be seen. Cumulative control impulse expenditure is
shown in Fig. B.2c where we note that the single pulse mode is entered after 25 pulses
of 0.01 lb-sec impulse each.

B.4 SPACECRAFT MANEUVERS WITH LOW LEVEL THRUSTERS

The controller of Run 21 and low level thrusters were used to generate a relatively
slow 180° turn maneuver from zero initial conditions and in the presence of a constant
1 X 10_5 ft-1b external torque. The command signal for Run 22 was ramped linearly
from 0 to 180 degrees at a 0.2 deg/sec rate, thus simulating a typical torqued gyro
reference system that ideally executes the maneuver in 15 minutes. Figures B. 3a,
B.3b, B.3c, and B. 3d show the performance of this "'nominal cruise' controller in

various ways. Of particular interest are the 6—7% rate overshoot/undershoot levels
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(see Fig. B.3c) and the acceptable 4 degree peaks in spacecraft/gyro position difference

(see Fig. B.3b).

Figure B.3d shows the characteristic control impulse expenditure history for such a
maneuver; 2.5 Ibf-sec to initiate the turn and 2.5 more to terminate it. The ideal

expenditure is readily computed for this type of maneuver as:

271 GC

QIdeal = 5oL - 4,45 lbf-gsec

The indicated dynamic factor is therefore 5.00/4.45 = 1.123. This value can also
be obtained directly by considering the rate overshoot levels previously mentioned.

A number of runs containing individual parameter variations to the Run 22 data bases
were made to establish dynamic factor sensitivity to such changes. Results are sum-
marized in Table B.1. Note the improvement associated with a smaller deadband, an
affect that makes such a change prior to maneuvers advisable. The F and L changes
correspond to raising and lowering loop gain, respectively. Since this type of change
would normally be compensated by appropriate controller parameter adjustments (as
would the change in A) these particular results are not indicative of the ultimate

effect on dynamic factor.

The insensitivity of dynamic factor to flight variations in spacecraft moment of inertia
is relatively important, however. Apparent sensitivity to the commanded turning rate
is a matter of some concern since there was not sufficient time to establish the antici-
pated effectiveness of various controller compensation measures. Relatively high
speed maneuvers will likely be performed with high level thrusters in any case.

B.5 SPACECRAFT MANEUVERS WITH HIGH LEVEL THRUSTERS

A number of runs were made with 2.0 Ibf thrusters separated by 10 ft to confirm

satisfactory performance of the selected controller. A brief search effort resulted

LOCKHEED MISSILES & SPACE COMPANY
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Table B -1
SPACECRAFT MANEUVER
PARAMETER VARIATION SUMMARY
Nominal Data
I = 3500 slug-ft> L = 11ft F = 0.11bf
A = 0.050 sec D = £0.5deg éC = 0.2 deg/sec
A = 1.0 X 107° ft-1b B =0
Cy = 0.012 Cp = 0.0002 K =17.5
Run Description Cont(ll'gl_;g;}))ulse liffggﬁrgn Dg:gtr:;c
Q@1Hr From Nominal
22 Nominal 5.00 - 1.12
23 D = 0.25deg 4.77 -4.6% 1.07
24 F = 0.21bf 4,94 -1.2% 1.11
25 L = 5.5ft 16.60 232.0% 1.87
26 A = 0,025 sec 5.90 18.0% 1.33
27 | 1 = 3000 slug-ft 4.29 -14.2% 1.12
28 ©,. = 0.3 deg/sec 10.29 105. 8% 1.54
29 K = 10.0 5.16 3.2% 1.16
30 Cy = 0.015, K =6 4.96 -0.8% 1.12
31 Cp = 0.0004 5.53 10.6% 1.24
B-9
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in the following representative set of controller parameters used for the first two runs
to be discussed: CN = 0,012, CF = 0,004, K = 1.0. All runs employed a pulse
width of 0,025 sec.

Run 44 illustrates system behavior when subjected to a relatively large torque; the

3.0 ft-1b roll torque assumed to exist during the 5000 Ibf main engine burn. A low
value of spacecraft inertia appropriate to the Jupiter orbital configuration, 600 slug—ftz,
was used with a 0.25 deg deadband. Figures B.4a, B.4b, and B.4c show system
response. In Fig. B.4a the steady state error of 0.335 deg required to generate the
counteracting control torque pulse train is immediately evident. The amount by which
this error exceeds the deadband (0.085 deg in Run 44) is essentially proportional to
controller parameter K. This consideration dictates both a small deadband and a
small value of K during main engine burns in order to maintain small steady state
errors. The relatively high frequency dither in the pseudo steady state of © = 0.335
may be seen in the phase plane of Fig. B.4b. A terminal rate excursion of £0.025 deg/
sec is observed; this correlates precisely with the angular velocity increment generated
by a single pulse (180 FLA/7l = 0.048 deg/sec). Finally, the essentially linear build-
up of control impulse shown in Fig. B.4c agrees precisely with that predicted from the

time integral of external torque,

t
_ 2 _ _ _
Q = Lf Mg dt = 2At/L = 180 Ib-sec
o

The high level thrusters and controller employed in Run 44 were used to execute the
turning maneuver studied in Run 22. As in the nominal low level thruster case, space-
craft moment of inertia was set at 3500 slug-—ftz. A 0.25 deg deadband was used,
however, to raise the limit cycle frequency. As can be observed in Figs. B.5a and
B.5b, the confroller tracks the command very accurately, with all error amplitudes
less than 0.32 deg. The phase plane, Fig. B.5c, shows small rate overshoots and a
terminal single pulse limit cycle featuring rates of £0.004 deg/sec (an initial rate

condition of 0.004 deg/sec was selected). The ideal control impulse expenditure for

B-10
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the maneuver is 4.9 lbf-sec. Application of a 1.25 dynamic factor gives 6.1 lbf-sec.
Figure B, 5d indicates that the maneuver can be completed by the high level thrusters
with this expenditure if prolonged single pulse limit cycling is not permitted. The

plot emphasizes the expensive nature of such limit cycling and the necessity of mini-

mizing the duration of same.

Results from a third type of run are included for illustration purposes only — the
relatively large propellant expenditure for the maneuver precludes its use as a practical
operational capture mode. The spacecraft/controller combination is identical to that
used in Run 48 above except that a 0.5 deg deadband was used and K = 10 instead of

1. An initial error condition of © = 10 deg, & = 0.004 deg/sec is the only system

disturbance.
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Figures B.6a, B.6b, and B, 6c display the capture transient in different ways. Figure
B.6a shows that the terminal single pulse limit cycle begins at 220 seconds. The

phase plane of Fig. B.6b shows the degree of system damping in regions far from the
deadband. The observed peak rate of - 1.8 deg/sec generated by the large thrusters
explains the large control impulse expenditure seen in Fig. B.6c (corresponds to
approximately 0.89 lbs of nitrogen gas). The sum of velocity increment magnitudes
imparted to the spacecraft during the first four peaks may be measured from Fig.

B.6b as 4.65 deg/sec. Using the relation Q = 7l (4.65)/90L we find Q = 56.9 lbf-sec
to check the Fig. B. 6c result.
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Fig. B.6¢c Control Impulse History — Run 57
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A potential problem area in controller parameter selection was brought to light by
runs similar to Run 57. Parameter value sets which give small "'steady state' errors
for large external torque disturbances tend to give poor damping in regions far from
the deadband and conversely. This is the reason for the use of K = 10 in Run 57
rather than K = 1. The latter value produced quite light damping for the capture
run, leading to a control impulse expenditure of 438 Ibf-sec. The implications of
these results, not critical since the controller can be made mode adaptive and in view
of the impracticality of capture modes without rate limiting, were not explored further

in this study.
B.6 CONCLUSIONS FOR THE PRIMARY STUDY TASK

As a result of this effort the following general ground rules were established for the

overall study task,

A dynamic factor of 1.25 is appropriate for relatively well defined maneuvers
such as have been simulated. This applies equally to maneuvers performed with the
low or high thruster levels although the duration of limit cycling with high thruster

levels must be minimized.

A dynamic factor of 1.5 is estimated for maneuvers that involve sensor switch-

ing transients (e.g., acquisitions).

A dynamic factor of 2.0 is estimated for relatively ill defined maneuvers such

as the removal of tipoff rates.
No serious problems were uncovered with the digital pseudo rate controller.
It can be adapted to high and low thruster force levels and to all spacecraft configura-

tions by simple parameter value alterations,

All maneuvers must be based on carefully specified and limited spacecraft

angular rates, Controller parameters must be selected to give good damping, thus

B-17
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avoiding expensive overshoot/undershoot transients, particularly with high level

thruster forces.
Definition of Symbols

= Spacecraft attitude control deadband (+ degi
= thruster separation (ft)

= thruster force

= controller feedback state variable

O error (deg)

= controller 6 command (deg)

= analog "on'" time

= analog "off' time

R o a © 0O KX =" = b
s Z O ™
il

= gain term for the "on" state

zero order hold function

N
Q
o
[

zZ
Il

torque command signal, either 0, +1, or -1

moment of inertia (slug-ftz)

-
It

¢s]
I

Laplace operator
= function of spacecraft orientation (only zero used for this analysis)
= external torque = A + BO

control torque

> 2 B W
1l

= external torque (ft-1b)
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Appendix C
COMPUTER OUTPUT OF THERMODYNAMIC OPTIMIZATION

This appendix constitutes the tabulated output data of the Thermodynamic Optimization
Program (TOP). All systems are grouped first by mission and then by propellant.
For each mission and propellant combination there is a design summary for each
optimized propellant followed by the weight summary of the propulsion module. All

weights are given in pounds.

LOCKHEED MISSILES & SPACE COMPANY
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Table C-1a
F2/ H2 MARS ORBITER — BASELINE OPTIMIZATION FOR F2 SYSTEM

PANAMETENS WEING OPTIMIZED

INSULATION THICRNESS b +500 (INCHS)
ULLAGE PERCENTAGE OF TANK VOLUME T L2000n401 { X )
VENT FRESSURE T «B8228n¢33 ( PSI )
INITIAL PMESSURANT LCAD 3 JJ000n¥01 { LRSS )
MAXIMUM TANK "RLSSUKE T 213000403 { PSI )
INITIAL PROPELLANT LOAD 3 16909404 [ LBS )
RIGSION PARTICULARS
4 BUNN KISSION CALCULATION TIMg e 06,881 ( SET /
FINAL PHOPELLANT TEMPERATURE B 215830403 (pEG-R)
»EFOHT SUMMARY
oPTImums TANK(S) = 2 HITANK (5}
MINIMUM GAGE CuT PRESSURE = 21483403 { PS] ) MAX PRESSURE FOR THIS MISSION = ,%3700402 ¢ PSI )
PROPELLANT TANK 3 66115402 ( LBS ) PROPELLANT TANK SURFACE AREA T 33995402 {FY=2 }
PROPELLANT TANK YOLU~E S 18639402 (fT-3 ) ’
PROPELLANT TANK CHARACTERISTIC DiM, = «1644a+01 {(FEEY ) RES[DUAL 2 ,30692402 { LBS )
BOIL OFfF (IF AnY) = 100009 {185 ) CALcULlTED RESIDUAL PROPELLANT VAPOR= ,63278+401 ( LeS )
PRESSURANT 11, PROPELLANT TANK 3 +97121=00 ( LBS ) INSULAT TON T 432579401 ( LBS )}
PRESSURANT AMALYSISe PRESSURANT 8 « 17 = HE pRESSURANT SPHERE QUTSIDE PHOPELLANT TaNK
PRESSUMANT SPHEKE RADIUS T «35550-00 (FEEY ) PREGSURANT gPHERE WEIGHT Z  L,17498+01 { L8S )
PRESSURANT SPHERE Yo UME 3 1883200 (FT=3 ) VPRESSURANT REMAINING IN PRESg SPMR = ,28790~01 { i8S )
GAS FACTOR IOINLR TANK ¢ RESIDUALS) = 122220401
NONOPT UM TAnk{S) 1 LHT(F)TANKIS) _
PHOPELLANT TANK VOLU-E 3 «A5920402 (FT=3 ) PROPELLANT TAMK SURFACE AREA ® ,9629%402 (FT=2 )
PROPELLANT TAMK CHARACTERISTIC OIM, = 30727401 (FEET ) INSULATTON X 4527402 { LBS }
INTTIAL P”OFELLANY LOAD T 231936403 { LOS ) CALCULATED INITIA[ PROPELLANT VAPOR T ,I0817+01 ( L8S )
TOTALS PROPELLANT TANy = +1092u403 ( LBS ) RESTOUA T 511501 T L85 )
0
PAYLUAD T 4505274084 ( LBS ) LAUNCH wEI6KHT a 97000408 ¢ LBS )
STRUCYWM. {VARIABLE + CONSTANT) 3 00000 tLBS } 1 K PERFORMANCE CONTINGENCY = ,28527+02 ( LBS )
iUn:c:; OF 8?“" DATA = TOTAL DELTA VELOCITY = .70199+0%
]
OELTA VELOCITY ¢BTALED = 450500402 (FT/SC) WEIGHT oF PROPELLANY USEL 16375402 { LeS )
DELTA PROPELLANT l:nPENAVUl: B +60253-02 {DEG=R} WEIGHT oF PROPLLLANT VAPORIZED A!TER: +59679=01 ( LES }
OPERATING PRESSURE = +20000¢02 { PSI ) ToTal WEl@MY OF MIXTURE VSED +35479402 ¢ LBS )
WRN w2
DELTA VvELOCITY GBTAINED 3 17170402 {(FY/SC) WEIGHT oF PROPLELLANT USEL +»58537401 ( LB5 )
LELTA PROPELLANT TEMPERATURE 3 +26989+02 (DEG-R) MEIGHT oF PROPELLANY VAPURIZED mﬂ «27387-01 ( LBS )
OPERAT (1@ PRESSURE X 223698402 | PSL ) ToTal WElgHT OF MIXTURE VSED B ,12033+02 ( LBS )
BURN # 3 o
DELTA VELOCITY 08TAINED T 166205408 (FT75C) WEIGHT of PROPELLANT USED +18948+08 ( LBS )
DELTA PROPELLANT TEMPERATUAE B «76280%01 (QEG-R) VEIGHT OF PnWELLANT VAPURIZED mtu- «53831+01 { LBS )
OPERATING PREYSURE B 20084402 { PSI ) ToTal wgleHy OF NIXTURE VSED 34533408 ( LBS )
GURN 8 &
ELTA VELOCITY 0BTAINED % L33170+03 {FT/5C) lElsNT F PROPELLANT USEL +64019+82 ¢ LBS )
86&." POEQOPELL‘NT Yéhlt'i;tﬂlf\ll( s .ooong {DER-R} WEIGHT gF nOPLLL:NT VAPURIZgD M"lu! +00060 [V L]
OPERAI [ PHEYSURE B «20000%02 ( PSI ) ‘OTAL WEIGHT OF MIXTURE USED «18T737443 ¢ LS )
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FZ/H2 MARS ORBITER — BASELINE OPTIMIZATION FOR H2 SYSTEM

PARAMETEARS pting OPTINIZED

INSULAT1ON THICKNESS = 2,250 (INCHS)
ULLAGL PERCCHIAGE OF TANK VOLUME S oLIEGNI0Z2 U N )
VENT PRESSURE B J1AT70+03 U PSI )
INITaAL PHESSURANT LOAD ® 10000401 *( LBS )
HAX[HMUN TANK “RLSSUHE 3 .96000432 ( PS] )
INITIAL PHROPELLANT LOAJ 3 231936403 ( LBS )
MISSTON PARTICULARS
% QUHII MISSION CALCULATION TiMg 2 06,497 { SEC )
FINAL PROPELLANT TEMPCRATURE 2 J5N524402 (pEG-R)
WEIGHT SUIMARY
OPTIMUL TANK(S) z 3 (FITANK (5] . o -
MINIA GAGE CUTOFY PHISSURE 3 496331402 { PSI ) MAX PRESSUNE FOR THIS KISSION T 90702402 L PST )
PROVELLANT  TALK = .10924+03 t LAS ) PROPELLANT TANR SURFACE AREA B ,96295+02 (FT=2 )
PHOPELLANT TAnK VULUME ® «A5930402 (FT=3 )
PROPELLANT TAIK CHARACTERISTIC DiM. 2 »30727401 (FEET ) HESTD B 51154401 ( LBS )
BOIL VFF (IF ANV} 2 +00000 4t LBS ) CALcU\.A'rEn RESIDUAL PROPELLANT VAPORE ,39539¢02 ( L8S )
PRESHSIRANT 1N PROPELLANT TANK % +00000 t LBS ) INSULATION T (81527402 ( L6S )
PHESSURALT ANALYSISY PRESSUHANT § = & = LH2{FIPRESSURANT SPHERE INSIDE PROPELLANT TANK
PRESSURANT SPMERE AADIUS = »3555a8~00 (FEET ) PREGSURANT SPHERE WEIQH +17698401 ( L8S )
PRESSURAK T SPHERE YOLUNE T +18832-00 (F1=3 ) PRESSURANT REMAINING XN vnzss SPHR l «10000401 ¢ LOS )
. GAS FACTOR [OviiR TanK ¢ RESTUUALSY T 422220401
MNUNOPT 11U TANK(S) = 2 LFZ(HITANRIS)
PRUPLLLANT TANK VOLUME X +18638+02 (FT=3 ) PROPELLANT TANK SURFACE AREA B 33995402 (FT~2 )
PROPELLANT TANK CHARACTERISTIC OIMe = 16448401 (PEET ) INSULATION T (32579401 ( L8S )
INITIAL PROPELLANT LOAD T 16909408 { LBS ) CALCULATED INITIAL PROPELLANT VAPOR = ,12546-00 { L@S )
' 'usPNOPtLLANY TARK B 66115402 ¢ LBS ) RES JDUAL B ,30692402 ¢ LBS )}
[
PAYLUAD B .S055n404 { LBS ) LAUNCH wEIGHT 2 97000408 ( 105 )
STRUCTURAL (VARIABLE + CONSTANT} = 00000 L Les ) 1 % PCHEOAMANCE CONTINGENCY T ,29904402 ( L8S )
SUMMARY OF BURN DATA = TOTAL OFLTA VELOCITY ® (70231404
PUHN 4 L
GELTA VELOCITY ¢BTALNED E 50500402 (FT/SC) WEIGHT of PROPELLANT USEU #27291401 U LOS }
OFLYA PIOPELLAHT TEMPERATURE B =, 3097-0C (DFG=K) WEIGHT OF PROPLLLANT VAPURIZED AFYEQS -.89741-01 [ LBS )
WPLHATING PRE™SURE S 20833402 ( PST ) ToTal WEleHT OF MIXTURE VSED «I5479+402 ( LBS )
OVURN & 2
OELTA VELOCITY ¢BTAINED T 17470402 (FT/SC) WEIGHT of PROPELLANT USEL = ,92%62-00 { LBS )
VELTA PROPELLANT TEMPLRATURE £ «,32754=01 (DEB-R) WELIGHT OF PROUFLLLANT VAPURIZED AFTERT ,36378~01 { LOS )
RPLRATING PHREDSURE B 81899402 { PST ) ToTal Wglehy OF MIXTURE VUSED 3 L,12033402 ( LBS )
BUAN ¥ 3
DELTA VELOCITY 0BYAIND & 66205404 (FT/SC) WEIGHT oFf PROPLLLANT USEU 3 (26579403 { LOS )
VELTA PHOPELLANT TENPURATURE B JA371-00 (DEG-R) WEIGHT OF PROPLLLANT VAPURIZED AFTERT 20825402 ( L8S )
OPERATING PRESSURE X «08278+02 ( PSI ) TOTAL WEIGHT OF MIXTURE USED B ,34353+08 { LOS )
BURN o &
LELTA VELOCITY 0BTAINED B 233404403 (F1/ T of PROPELLANY USE 11442402 5
CELYA PROFELLANT TEMPERATURE L .33"500 o (S[CECR; Hilgrﬁ’ oF P:OP&'CL:NT ‘\ﬁﬂmzm M"l’tll . %0 20 g e 5 %
OPERATING PRESSURE 8 ,90702¢0R { PS1 ) TOTaAL WgleHT OF MIXTURE VSED L .1607500) (L% )

WEIGHT SUMMARY

MAY o9
PROPELLANTS § jrore TRV 10} o
USABLE WEIGHT - 3021 Te08
STHYCTUKE «28070%83
UASE STRUCTURE »166T7Re03
TANK SUPPOKTS »80919+83
ATTACHYENTS +18000+8p
BULKHLAD JNSULATION t1e9) «18000+02
PROPELLANT FEEDL ASSEFRLLY 01§73
Takn$ «2u1aT+dy
VALVCS e F ILTERS » LMD ING LA LASTNG »37000+03
ISULATION (FIAEL AHD VARIAM E) bivadely
FLTEVRVID BUNPER «T121%+09
PRESSURIZATION SYSIEM (PLUMBING ¢ Tang$) 28950400
LNeiNE BISTEX «980C0+02
IMLIT SUs-TOTAL .
CuteTINGENCY 30K +Toa3begl
HESILUALY +11909493
PHOPELLANY »bab0bely
VaPOR ot 4
P ORAANCE MESEKVE 135 a¥) CREEON veceen
VE 115 A .
xwut.sc PRUPLLLAN «OR1T400
PRUPULSION ncoul.l: hnw «HO4B0¢HA
PATLOAD sbiGHY «30930498
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Table C-2a
FLOX/CH 4 MARS ORBITER-BASELINE OPTIMIZATION FOR FLOX SYSTEM

PARAMETERS BEING OPTINIZID

INSULAT[ON THIckbESS z 500 {INCHS)

ULLAGE SERCERT.LE OF TANK VOLUWE xT L20000401 ¢ & }

VLAGE pERCELT.GE OF TANK VOLUNE 3 ,50000402 { X )

VENT PrpSSURE =7 479507403 { PST )

T PRESSY,AUT LOAD, s .1125%481 t LBS )

BAXL UM TAEK PreSSurr = ,13007+03 { PST )

INITIAL PROPELLANT LOAD T L1T7EBR40% 1 LO5 )

M1SSION PARTICUL LRS

4 QURN <I1SSION CALCULATION TiMe = 01,.8s% t SEC )
FINAL PROPELLALT TEAPERATURE £ +1586"+03 {DEB-R!} COUNTER FOR PENALTIES x L}

a€1gHT SUMMARY
OPTIdu4 TRK(G = & TANMS)

MINTUM GAGE CLICH SURE T L23137¢D3 { PSP} MAX PRESURE fFOR THIS MISSION T (64533402 { PS1 )
PROPELLANT Fa-ik T 66705402 ( LPS 1} PROPELLANT TAnA SURFACE AREa = 35129402 (FT-2 )
PROPZLL 4T TASn VOLUE = 219577402 {FT=3 )
PROFELLanT TA% CHARACTERISTIC OInte = o1672%+01 (FEFY ) RESIDUAL 27216402 ( LAS )
BOIL JFy {IF ALY) =z ,0000D 1 LAS ) CAL(ULAVCD RESIDUAL PROPELLANT VAPOR' JTu751401 L LAS )
PRESGURLNT it PROPELLANT Tarx g L11057401 € LPS ) INSULATION +33665401 t LBS )
PRESSURANT X 1,LYSISe FRESSURANT § = 1Y =  HE  TRESSURANT SpLRe OUTSIOE PROPELLANT Tamm
PRESSURANT SPH WE RADIUS = ,1290¢-00 {FEET ) PRESSURENT SPHERE WEIGHT E  ,35°A340% ( LAS )
PRESSYRaT SFHERE yoLUMT = +3305°~03 {FT-3 ) PRESSURANT REMAINING IN PRESS SPHR = ,19D93~01 ([ L#S }
GAS FACTOR {CV R TAuK ¢ RESIDUALS) = ,160%/ +01
NONOPTLrUM Tais) = 2 CHetFITANKIS)
PROPEVLANT TAN, VOLU-E€ s (13067402 (FT-3 ) PROPELLANY TANK SURFACE AREA T .26830+02 (FT=2 }
PROPELL Y TaNg CAAaCTERISIIC DIM, = L196l7+01 (FECT ) InStaT ron = L25712401 L A0S )}
IMETTAL PROPELLANT LOAD T L32711403 € LPS ) CALCULATED INITIAL PROPELLANT VAPOR = ,6%729-01 ({ L8S )
FPROPCLL ANT Taky T 26236402 t LRS )
ToTAL USED = ,00000 € ps ) ReStTOoUAL E .53840401 ( LaS )
ywTALS
PAYLOAD = J4TABY4ON { LPS ) LAUNCH wEIGNT e ,97000+08 ( LnS }
STRUETUAAL (yAQLABLE ¢ CORSTANT) z ,00000 tL8%) 1 % PERFORMANCE CONTINGENCY £ ,30ua%5+02 ( LES )
SUMARY OF BURN L ATR = WTA{ CLELTA VELOCITY = ,7DiS64Ne
BURN & 1
OELTA vrLOCITY uRTALED T .S0500+D2 (FY/SCH WEIGHT of PPOPELLANTY USED 17186402 ¢ LBS )
LELTA P4OPELLA ;1 TCupERATURE T 2 6204A02 (LEG=R) *E16HT oF PROPELLANY vA”DRIZED lFYEﬂ- b1u62-04 { LnS )
GPENATI 6 PRESLURE 3 .20007¢02 ( PST ) TuTaL RgIGHT OF MIXTURE USCO = L,hpalpedl ( LBS )
gURN » H
CELTa V,LOCITY OETAI £D 2 L1702 (FT/SC) tEIGHT ofF PROPELLANT USED SEP66401 § LAS )
UELTA PaCPELLA.T TCPERATURE s 20727=02 (DEE-K} REIGHTY oF PrOpL{LANY VAPORIZED AFYEH- 3156201 ¢ LS )
CPERAT .6 PRESHURE ®  L64581402 { PRI ) ToTAL wgi6liT of MIXYURE USEn J13a73402 ( LBS )
BURN ¥ 3
CELTA ¢pLoCITY eTa1s2D 3 L6R2D5408 (FY/5C) “EI6HT of PROPELLANT USED 16210408 { LAS )
LELTA PROPECLA LT TEmrERATURE 2 LTISETH01 (DFG=R) VEIGHT OF PROPELLANY VAPCRIZLL ArYER' .622R6¢01 T LAS ).
GPEART 36 PRLSAURE Z  LE4SETeD2 { PST ) TOTAL ~CIGHT OF MIXTURE USED T L 3p6iseDe L LAS )
BYRN W -
SELTS veLOCITY 00Tn1- D T LYSIL%e0Y (FT/5C) VEISHT of PROPELLANT USED T 66058402 { L0S )
SELTA PuoPiila 1 TEVPERATURE = .O0rE0YD (DEG=R} +EIGAT OF PROPELLAMT vaPCRIZED AFTERZ 00000 [V 3
GPERATL (6 PRESSURE = Lu3550432 { P51 1} ToTAL sE16HT OF MIXTURE USED T ,15823403 ( L8S )
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PARAMETERS 8€1N6 OPTIMIZED
InSULATION THICALESS z 2500 (INCHS)
ULLAGE pEHCENTLGE OF TANK VOLUME T LP000P401 ( % )
ULLAGE pERCENT A0 ¢F TARK VOLUME T L125°403 1 X )
VELT PrgSSURL T L6T73IN403 U PST )
INITI AL PAESSULANT LoAD 3 +50007-00 { LBS )
PAXIAUN TARK PRESSURE T .1300°+03 { PST )
IHITAL PROPELLANT LOAD ® 32717403 ( LBS )
»155I0N PARTICULARS
% pURN v 15510 CALCULAYION TIVg = 03,532 ( Sec}
F 1AL PNOPELL‘JT TEMPEHATVRE = .19737¢03 {DEG-k} CaunTER FOR PehALvles s o
wELGHT SUHARY
oPTImult TAK(Q) = ¢ @F'" iK{(S)
Sl AU GAGL COTOFF onpsalsy = L28181403 { PSY ) 4k PHE<SURE FCR YIS mISSION T 31269402 ( PS1 }
PrROPE-LaeT Tady 2 LO2365452 1 LSS ) PRIPELLANT TANK “URFACE ARES T L26R30+02 (FT=2 §
FROPELL AT TaN, VOLUL T .13067402 (FT=3 )
PROPLLL LT TA%, Cnass CTEXISTIC D3ve = 516617401 (FFET ) FZS1DVAL = ,S1aupe01 { LAS )
HOIL OFF (IF A, Y) T L0060 t L5} C/LCULATED RESI DAL PROPELLANT VAPORE 11416401 { LeS }
PRESSUnNT 1n PROPELLANT Tara T JL307:-00 { LES ) InSuLaTioN = ,25712+01 f L8S }
PRESSUHALT AnaLYSISe PRISSLRALT 3 = 17 = E TRESSURANT SPLiE lhsldt PROPELLANT TaMK
PRESSVR.LIT SEH RE RADIUS T .u2686=03 {FECT ) PRESSURZNT SPHERE aEIGHT 235083401 { LAS )
PRESSURW.LT SPHCKE YOLUME 3 JNLET-PD (FY-3 ) PRESSURANT REMAINING IN PRESS SPHR : (69261-01 { LaS }
GAS FACTOR (LT, P TARK ¢ RESIDUALS) = 36107+01 -
LONCPTIVUM Ta n(S) 2= 2 FLCX TarKls)
PRUPELL (T TaNy VOLUE = L1T574D2 (FY-3 ) PROPELL 1T TANK SURFACE AREA = ,3512A402 (FT=2 )
PROPELL LT Thig CA\urCVE5251|C UM, = «3A720401 (FEFY ) INSULATTON X 33645401 ( LRS }
INITIAL PHOPL . aNT LOAD £ W1718%404 { LPS } CALCULATED INITyAL PROPELLANT VAPOR 2 ,12ub4a+00 ( LBS )
PROPELLANT TaMy 3 J6BTDR4DR { LKS )
OTALSIOYAL UED z  ,00000 I LBS } RESIDUAL ® 27216402 ( LAS )
T
PAYLOAD = 47882408 { LRS ) LAUNCH wEIBHT ® ,97000+08 [ L85 }
STRUCTURAL t¥AQIRBLE ¢ CONSTANT) T .C0000 T LBS ) 1 % PERFORMANCE CONTINGENCY B 30429402 ¢ L8S )
SUMMARY OF BURN nATA = TOTAL DELTA VELOCITY = .7319547%
gURN ¥ 1
CELTA vLOCITY cBYALED = L50S07402 (FY/SC) KEIGHT oF PRCPELLANT USED 32734401 ¢ LAS )
VELTA PuOPELLALT TEXSERATURE = .90825-02 (DEG~R) SEJGHT oF PROPELLAGT vAPORIZED APT:a: 13246-01 1 L8S )
CPEAAT L& PRESSURE X L20007+52 ( FS1 ) ToTaL wgIGHT oF MIXTURE USED T 40018402 1 (8% )
HORN & 2
LELTA vrn0CYY oTar €0 T L17177¢02 (FT/5C) A{IGHT oF PROPELLANTY USED T ,13008+01 T LBS }
CELTA #alPELLA T TEn ERATURE s ,12%5%-02 (DEG-R} #L1GHT OF PROPELLANT VAPORIZED AFTERZ ,50791-02 { LnS )
GPeraTInG PRESSURE T .27037e02 1 PST ) TeTaL wgl6HT oF MIXTURE USED T 13873402 { LBS
SURY ¥ 3
VELTS V,L0c11V oaTair EC T (620708 (FY/SC) ¥E1GHT oF PROPELLANT USED +3CATU403 ( LoS |
SELTA_#nOPELRA T TEWPERATURE T JN6245¢DL {DES=R) «21GHT nfF PROPELLAMNTY VvAPORIZED Arrc!: J1j0ugenl ¢ LBS )
GPERAT 1.6 PRESSLPE ® 27037402 1 PSY ) ToTaL wpIGHT oF MIXTURE USED 3 ,38638e08 L LBS )
GURN & &
¢ DELTA VELOCITY eTal+ED T J3312R+03 {FY/SC) #EIGHT of PROPELLANT USED 12654402 { L8S )
DELTA_PrOPELLA-1 TEXPERATURE z  .rocen [DEC~R) AE1GHY OF PROPE{LANT VAPORIZED Arren— .00000 L Las )
OPERATIiG PRESSURE T 21287402 [ PST ToTaL #pIGHT oF MIXTURE USEp .15A18+03 { L8S }

WEIGHT SUMMARY

TOMAR 69
PrOPELLALTS 3
JSALLE wg1GHY
STeUcTuaE «17711403
34SE STRUCTURE <94262402
Tark $9PpRTS 59848402
ATTALHIE TS «15000+32
JAKREAD DLSULATION (1ve) .uoooou
PRoPELLATT FEEL ASSE'SLY 38057493
TAT NS +«25815+03
AL VES IR ILTEFS U431 LLAGING «38500+02
1sueaTion (F1X o 2D VARIABCED 31075402
AETEOADLy BURPER 52045402
‘A1ZA730!) SYSTEY (PLUMBING ¢ TANKS) «27397402
ES1E SYSTER 9800002
THIAT SuB=10TAL 8207403
CO.TIloEiiCy 108 68307002
KESILUALS 8574402
PROPIL LAY 25u800+02
APOR «17336402
nE GAS 3610748y
PENRFOR“s9ce RESCR,E T35 avi 2 30ud5¢p2
LHPULLE Pi9p - LLanTs JDMR 3408
PROPULSIUY M DUCE *£1GHY 49119408
PAYLOLD ~EDG.T SHTBE1408
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Table C-3a

OF2/B2 H6 MARS ORBITER — BASELINE OPTIMIZATION FOR OF2 SYSTEM

PASARETLAS 4TINe oPTIMIZLD

[NSULATLION THICKNESS +800 (INCHE)

.
ULLAGE PEACENTAGL OF Tayg vOwUag s L80300s01 1 1 )
YENT PACSSUAL = L71e80%03 ¢ P8
INET e, FRESSURANT LoRD ®  JIY000+01 1 Lus )
MAK MUY TANK PRESSURE ® (293000 t PS1 }
INITIAL, PROPELLANY LDAD e L1381%e0% { LES )
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ePERATING PRESSUNL o J293iseD2 { PSI )} ToTAL oL1dnt o Aisfuat VSID -
— RN T e e -— - - - - e e
pELTA YELOCITY oBFAlINED o J71721e09 (rT/80y ALIENT JF DQD'ILLA!; vsgd . L
pELla PRIFELLANT TEMpLRaTURE - ,0030% {8k g1 ALIGAY OF. FrOPELLANT. VAPORIIED 4PTERS
IPCAATING PRESSURE "~ "= " TTUTTT et T 3AveTeRT pei- F-—-—-— TaTAL aglent of Nizfual vSL®
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Vol. III
Table C-5b
-PARAMETERS BEING oPTIMiZeD
INSURATIGN TIHICKNESS = 3,000 (INCHSI
LAUHCH we 1G6HT S .93932404 [ LOS )
e ULLAGL PLHCENTAGE OF TANK VOLUNE T W22375%02 1 X )
- VENT PRESHMURC = «187704083 { PSI )
INTTIAL PRESSUHANT LOAD 3 .10000%01 { LOS )
come——— . KAXIMUN TANK URESSURE 2 .700U0¢02 { PSI )
INTTIAL PROPEVLAII LOAD 2 .2909¢403 ( LBS )
WISSION PARTITHARS
3 pUkiv uissIon CALCULAYION TINg & 03,800 t SEC )
__ FINAL PROVELLANT TEMPERATURE T 50906402 (OEG-A)
EJHT SUKMARY .
OPTiMUM TANK(S) = 1 F)TANK(S)
HINISU: GAGE CUTOFF PRESSURE T 96331402 { PSI ) MAX PRESSURE FOR YHIS MISSION 2 ,93994402 ( PSI }
e ... PRUPELLANT TARK 3 <10928+03 { LBS ) . .. PROPELLANT TANK SUAFACE AREA 2 ,96295+02 (FT-2 )
PROPELL AT TANK VOLUNE B 85930402 (fT=3 )
PROPELLANT TANK CHARACTERISTIC DIM, = +30727401 (FEET ) RESTOUA( 2 ,51156401 ¢ LBS )
— LOIL VFF IF Auy) 3 «0000p { L8S ) LALCULMED RESIQUAL PROPLLLANT VAPORS ,11003¢02 ( LBS )
PRESSURANTY IN PROVELLANT FAnK 3 00000 ¢ LAS ) INStAAY 3 L55370402 [ LBS )
PRESSUPANT Anal SISt PRULSSURANT 8 = » = LH2{FIpRESSURANT SPHERE mswg PuongLmY 'um
—— TRESSURANT SPHELE RADU:E _ 3 «377B4=~00 (FEET } | PREGSURANT SPHERE #EIGHT = ,20998+01 { LBS ).
FRESSVRALT SFHERE Vi 2 +3225%4-00 (FT-3 } PRESSURANT n{MleNG IN FRESg SPHR = 10000401 ¢ L8S )
6AS FACTOM (OfiR TANK 4 RESIUUVALS) = 26654401
NUMNOPTINUH FANKIS) e 2 LF2(H)TANK{S) _ o R
PROPELLANT TAMK VUL UME = 18639402 (fT-3 ) PROBELLANT TATIN SURFACE AREA £ 33993302 (¢7=2 1)
PHOPELLANT TANK CHARACTERISTIC DIMe = »1644a%01 (FECT } INSULATION 5 (32%B0401 t LOS )
... INETIAL PHOPELLANT LOADR = Jieaka+0e { LDS ) _. KALCURATED INIVIAL PROPELLANT VAPOR = ,15026-U0 { LBS )
OTALS PROPELLART TAtK T 26611602 { LRS ) RES 1DUA 3 ,30692402 ( LGS }
T
_ FAYLUAY = WNTT2408 (LRSS ) LAUNCN wE 19T T 93032408 ¢ LBS }
STRUCTUKAL (VARJABLE + CONSTANT) = 000U LRSS ) % PEWEORMANCE CoNTINGENCY = ,2p400+02 U LBS )
W.::"R; OF u\lﬂﬂ UATA = TUTA| DELTA VELOCITY = ,73u06+0%
L]
- VELTA veLOCITY oBFaInED T «50800¢02 (FT/SC) YEIGHT oF PaOPRLLANT uSEV B 26428401 t LBS )
VELYA PRUPELLANY TEMPERATURE T =881953~00 (DLEG=K) WEIaIT oF PROPELLANT VAPURIZED AFTEI' ~,10472+400 { LBS )
UPERAT LG PRESSURE 3 20822402 { PST ) TOTAL WelgHt OF MIXTURE VSED 34357402 L LBS )
GURN ¥ 2 o
DELTA VELOCIT! (BTALNED = J1717n%02 (FT/SC) WELLHT oF PROPLLLANY uSEu +89635-08 { L6S )
e o ... LELTA PROPELLANY TEMPERATURE 2 «u16554=00 {pER=R) NELIGHT oF FROKLL‘NT VABURTZ€0 M!tl: -, 90665-01 { L8S }
- OPERAT I PRESSURE x  «83727402 t VST ) ToTaL WEIGHY UF WIXTURE USED 31633402 ( LS )
_.. AR g 3 . I
DELTA VELOCITY OBYAL£D B ,72739+08 (FT/SC) VEIGHT of PROPRLLANT ustu +2TTLL0E ¢ LES )
DELTA pPROPELLANT TEMPEHATURE % 00000 {DE6=R} WEIAMT OF PROPRLLANT VAMIZED ”Y!l’ +00800 ©Les )
e . 2 _OPERAT (N6 PREDSURE B 9399402 ¢ PSI ) TOTAL WElgHT UF MIXTURE VSE +3602640% ¢ LBS |}
1% RAY 69
PROPLLLARTS § FIILF21M)
- USAIRE mEIGHT 36200408 e e e e e O JR
STHUC TURE, 25970433
UnSE SIRUCTURE «16678403
—  [Aln SUPPQOHTS . *SY19402 -
ATTACHMENTS « 15000402 )
UULKHEAD TNSWLATLON H"Q «18000+0,
—PROPELLANT FeED ASSETRLY P - 2765403 |
TANKS r2q14T+03
YALVES +F ILTERS f PLURQ InG r ULLAG TN «3700U+03
—— ILSULATION (FIAEU AND VARIABLL) . . . «Tobab+0p - - -
WCTEONULg BUMPLR oTa2e0+0p .
PRESSUHLLAFION STSTEM m.umno * 'l'uqﬂ . «27300402
— BNGINE STSTEN e e e .. «98p00%02 N
LHERT SW.TOTAL . : «80365%03
CONTIHGENCY 108 . 8036508 |
~— MESIDUALS [ e s e s — —lblghdé2 _
PROPELLANT osesollwg .
VAPOR ) 12917408
—. HE GAS . e . . wReb&Sedy .
PERFGHEAl L MESENVE (1% aVy «R8400%02
LMULSE PRUPELLANTD « 6200408
PRUPULS IO HOGDVLE WEIMYT U IS 1 7, 1 7 ]
PATLOAD wElGnT 4779200
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PARAMETERS REING OPTIVIZED
INSULATION TrICKKECS

LAUNCH »E IGMY

ULLAGE PFRCEr TAGE oF Taha vOLUwE
VENT PRESSURE

INITIAL PRESSURANT LCap

FAXIVUM TARK PFESSIRE

INITIAL PROPELLANT LZAp

RISSION FARTICUL AKS
3 DURN VISSION
_FINAL £HOPELLANT TerPESATURE

wEIGHY SUVHARY
OPTIMLY TANK(S) z ?
MINIVUY GAGE CUTOFF
FROPELLALY TatkK
FPROPELL w11 TahK VOLLVE
PROPELLANLT TalK ThiRACTERISTIC DIv,
ROIL OFF (IF AWY)
PRESSUL 4T In PROPFLLALT TARK
PRESSURANT ALALYSIS PPLSSLARNT 9 = 17
PRESSURANT SPHERE EATIIS
PRESSURANT SPHERE vILurf
GASL FACTCR (OTHEM TA*.X * RESILUALS)
NOHOPTTMUM Tahk{S) T CPUtFITankts)
FROFELL ANT TaRK VoL LvE
PROFELLANY TanK CreRaCTLRISTIC DIN.
INETTAL PROPELLANT (CAt
PROFELLAST YTank
TOTAL USED

nfSSURE

OAT
sv-ucruaAg {VARILBLE + CANSTANT)

DELYa vELOCTYY =

SUMHaRY OF RUPN CITA - YOTA
BURN & 1

DELTA vELGCITY ORT.I! En

DELYA PhCPELLANT TEVCERATURE

OP{RAY J1G PRESSURE

BURN & e
PELTA vELOCTYY ORT It ER
CELTA pROPELLANT TEMEZAATURE
OPEKAT14i6 PRESSURE

BURN » 3 oo
DELTA VELOCITY OPTPINED
PELTA FROFELLAMT TFFPERATURE
OPERATI1G PRESSURE

LR TN R TR T T

Table C-6A
FLOX/CH4 VENUS ORBITER — COMPUTATION FOR FLOX SYSTEM

T 4500 (InCHS)
+9391€6408% [ LPS )
026066401 LI
+ 75500403 U PSI )

1
]
]

13000401 { LAS
«12000+03 { PS]
«17079408 ( LBS

+16731203 (DEC-)

+2113%403 ¢ PSIT
«BeT0R02 ( LPS
+1a57R402 (FT-3
«16720401 (FEFY
«0npon { LRS
«j26l040y { RS
HE  PRESSURANT
oHc201-00 {FEET
+3:680-00 (FT=3
«1p23M¢01

" A - -

«1207NeD2 (FT-3
« 14613401 (FEEY
«32532403 { (RS
62367402 U (RS
«B0000 Lms

+85058404 ( LPS
«fo000 tLrS

- -

-

.133«7000

{F1/5C)
{rEG~)
t PSI )

+50500+02
+80762-02
«20900+02

(FT/SC)
(DE€-9)
{ PST 1

«17170402
«M5617-02
17116403

«72721408 {FY/5C)
00000 {OEG~-2}
221081408 ( PS1 )
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13.09%

t SEC )

CALFUALATION Tive =
. CAUMTER FOR PELALTIFS o z
¥AX PHESSURE FOR TuiS wISSTow L]
PROPELLANT TANK SUPFACE AES =
WFSIDUAL =z

CALIULATEN RESINUAL PRUPELL AN~ VAPOPS
TSI ATION

OHEPE AUTSIOE FROPFLLANT Thaw

POESSURANT EPMERE wFIEHY =
FRELSUZANT REMATHIME 1P PHESS SHLR &

POOPELLANT TANK SUPFECE AMEN !
IvSeLarion

CALFULATED INTTIAL PROPFLLACY vAPOR l
RESTDVAL =z
LApuCr wEIGHY L
1 S PERFORVANCF COMTINGFNCY ®

¥EieHt OF PROPELL AnT HSFD
VELeMI OF PPOPFLLANT VARGS]PErR -rvrr=
TATAL RFIGHT OF »IXTURE USER

WEIAHL OF PPOPPLL AnT USFR
WEIrH! OF PPOPELLAY yEDTHIPE~ OIT("
ToTsL wEIGHT OF MIYYURE USED z

WFIrHT OF PROPALLANT 15FD - 2
YEIrHl OF PROPELLANY VAPAR]IZE- !F1EI-
TOTAL “EIGHTY OF MIYTURE USEN

22103 eny
+ 35128402

27216442
«PFSFET]
»33b63e0)

»82VUT3¢0}
W SnYse-01

«2H833000
«25715+01
«T3S18-01

«31ba0+02

293Y16400
«Joudlieng

«1KB3940P
PR LTS 3
o3vo1Teup

*»368) 3401
37119
213432402

«10mhue0n
Uil
ULI8+UN

[
(Fi-2 +
CLMs
€ LAS
CLes )
CLes
[C Y ]

tEr-p )
[
t Ly )
1Ly 2

T tes ?
LRy
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Table C-6b
FLOX/CH4 VENUS ORBITER — COMPUTATION FOR CH4 SYSTEM

PaRang¥ens BEInE oFTingZgd

e = IMSULATION TMICESESS «S00 (INgwE}

-
LAUNCH WEIGHY s 99010404 1 LBg }
ULLAGE PERCENTAGET 3F Tank VOLUNE ® L20014s83 1 & )
R . vENT PRESSURE v L4731003 ¢ Pst
INITIAL PRESSURANY L04D e ,40000-00 ( L§s ¥
MATIMUM TANK PRLISUNE . nnuo.n t PSy )
- _INITEAL PROPELLANT LOAD - .:uvaou t Las b
M1SSION PARTICULARS - [ .
3 BURN nIS310M . CallULatiow TInt . Go.84¢ ¢t see s
FiNAL uonuuut 'tn-nnu!t . 210%3.23 lhu.l) CounTer Fom r!nlul“ L4 [ ]
CEIGHY SymmMARy
.. OPTimunm TANK(S)} = 2 @H'A'l!!l . - P .
MINEnUR gAGE CuTs *Regyrt s 20180403 ¢ Pgt } WX PrgsSune FOR THMIS mpsSpON » 58087402 { *$1 )
PROPELLANT Tank - 421347407 { LS ) FPROPELLANY TANKE SURFPACE aRga W 4268)3+0F (Y2 )
i~ PROPELLANY Tawg vOLUNE & L13070e82 1f%.3 3 . s
PROPELLANT TA4K C~aRACTERiSTIC Divwe = 1%513e6t grECY 3 RgSI0paAL s ,59a%neBt ¢ LS )
S0LL OFF LIF ANT) . L,00008 t Lasg } CalCyLarin 'tSlDUA\. PROSELLANY VADDQ- sPe01ge01 ¢t LIS »
— PRESSURANT 1w PRIPT{LLANY TAMK = 54074200 ¢ L3s ) IuSUlation o2hTigent Tt LES W
PIISSnnu AN LYS|S, PECSSNANTY B o 17 - HE  PRESSUPANT SPHERE  INSIDE sROPE LANT TANK
PRESSURANT SPulfnl ®aplyg . '-s}ol-oo 1FEEY ) PRESS MANT conprE S IgUY *  L87073000 1 LES 4
. . _._ PRESSURANT SPugaf rOLUNL . ,uuq-ou 1FT=3 ) PRESSUNANT sEwaiWING [0 PRESS SPue ® 3929401 ¢ L83 8
a5 FACION (OTHE® Yank o REFIOUA/S) » 35102400
HONOPY pMUN TANK(S) = ¥ Fron Tamcysy L 5 .
- _ PROPELLANY Tang voLumb = ',Hs’hﬂ (F¥ey ) PROFELLANTY ranx SURFACE avia .)thﬂr irY=2 ¢
PROPELLANT Taud C-aWalTfgaiST1C pi%e » 16720000 i0EgY ) tuSULLYION 1
INITY AL PROPELLANT LOAD »  L170%0.04 ( Lss ) (ALEULA'!D TMITIAL Flo'u,uﬂ v .lun-oo [ R L 3]
o PRDPELLANY TANK 5 ,44708.02 1 LS ) (R, -
1074, UsSE® . noneo « Las ) RESIOyUaL L4 .!nu-u CLes Y
TOTaLS
___ PATLOAS - ,qsnoou 1188} LaunCy wEleuY ®  L%a04ae0% t L0 4
STRUCTURAL (VARIABLE » con3TauT) = ,obnb0 t Les ¥ 1 8B PERFORpANEE CONTINEENCY o L3000ee02 t LB §
TEUMNARY B BURN DATA o POTAL 9CLya VELOLITY a 7339008 T T T T T e e
BURN ¢ 1
. ~ pELYa VELOCITY O8TAINED M ;sosun.u: trYecy WEISNY OF se0PCLI ANY uSED «3172ps0 {1 LES §
DELYA PROPLLLANT TE“PERsTURE w G AR?30-02 (DEG-T) WEIGHY OF seaPCLLANT VAPORITED uvu- «13578=01 ¢ LAS ¢
oPEN,YENG PALSSURE s ,2000002 ¢ PSSt ) ToTAL sgliguy OF WIRTURE USED 9440002 ¢ LBS ¥
(UL : ) R .
DELTA YLLOCITY O%TalnED ® 17170402 (FT;eC) WEIENT OF peoRCLLANT USED ® L10787e07 T LAY ¢
. DELYA PROPLLLANT TEYPERATURE = ,%12%-02 (DEg-R? BEIEHY BF PeOPCLLANTY VAPORTIED aFTENe 6500472 ¢ LBY ¢
oPEMATING PRESSURE s ,90053402 ( P8} ) ToTAL mglewy OF NiRTURE viED B L 13atgeB2 1 LOY }
____surw ¢ . R .
ntlh VELDEtTy petaInED - inu.u [arl13} WeiGHy oF seosrLLanY USer «3210,403 1 LB Y
DELYA PROPELLANY TE“PERLTURE - nnnug (OEg=R} WEIEHT OF pacPELLANT YAPOR{FED Arvtn- +0000n (I LOS
o ___OPERATING PRESSy®C " ,97804.82 ¢ PST ) TOTAL wElGuty oF mixTumf Usge ®  001h2e0% ( LBY LN
o - . E e T T P
FROPELLANTS 1§ E,’. E] sCHaLF)
USABLE LETGHT Teae0n .
STHUCTURE T «177204063
LASE STRUCTURE «94300+02
TAhY, SUFrPORTYS S 8990002
ATTACHAVENTS TTTTTT JIR08860s 0 T T T T T T
EULKREAD THSUCATIZ. f1e¢) «1R000+0>
PRCPELLANT FEED ASSERCLY . +37810+03
TAtuS «25819+0%
VALVES+FILTERS(FLL YT I* 2o LLLAGING +38500+09
THSULATIGH (FIXED 40 «2FTABLEY o «JIATE+DP
*ETEVROLL BUMPER TITTTUTTITT 149569400
PRESSUATZATION SYSTE (FL_ VO INE + Yahw$) +2881%402
ELGTINE SYSTER L o +SA000402
IRERY SuB-TOTAL «68191408
CONTINGENCY 10% +58191 00
_ RESTCUALS e 159160 +02
FROPTLLANT . T +8R800+08 Tt o
VAFOR «18230-28
HE 6AS e 82218409
PERFCRMANCE RESERVE (1% v 230021482
JMPULSE PROPELLANTS «BN3NB e
PROPULSIUN 1GrULE WEJCERY e e e - sSRAGI4Ds
PAYLUAD wE IGHY T T T T Jas0sasba
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OF2/B2H6

PARANCTERS aCING OPTInNIZLD

INSULATION vnxcxuts!

LAUNCM RETGH

ULLAGE ’tIC(I'Aﬁt of Tadk YOLUNC

YENT PRESSURE

INITIAL PRESSURANTY LOAD
TOMAXENUN TANK PRESSURE

NIV A, PROPELLANT LOAD

RISSION PANTICULARS
3 BURN KiS3ION
ety luAL PROPELLAHT TEMPERATURE

WETEMT “SUNNARY .-
OPTIAUN TANX(S) e 2 CITANK LYY
RINTNUR GASE CYTOFF PRESSURE
PROPILLANT TaWK
PROPLLLANT TANK vOLUNE
PROPCLLANT TaANK cHnlACY!ll!Yll .Iﬂo
SO L OFF (IF ANY) .
” PRESTURANT [N PROPELLANT TANK
_PREISURANT ANALYS(S, PRESSURANT 8 «
PAESTURANY SPHERE RADIyS
PRESSURANT SPHERE YOLUNC .
GAS FACTOR {QTNER TANK o RE310UALS) =
TTT ONONEPTIRUM TANK{S) - 2 8244 TaRK(Y
PROPELLANT TANK YOLURE
PROPLLLANT TAME CHARACTEAISTIC oiu. -
INITIAL PROPELLANT LOAD
PROPELLANT TANC

.

ToTALS
D .
[}

PAYLOAD
STRUCTURAL (VANTABLE o CIN!'AIVI

SURNARY OF BuURN DATA = TOTAL DELTA YELOCITY o (73407400

[T L 2N I |
OELTA yXLOCITY Oatalnip
BELTA PROPTLLANT TENPERATURE
QPLRAT NG PALSYVRL

2
OELYA vELOCETY 08tAInED
DELTA PROPILLART TERPLAATYRE
GPERATNG PRESIUAT

3
BELTA YELOCITY OaTalntd
QELYA PROPELLANT TCRPERATURE
T QPLAATING PREISURE e

Table C-Ta

[RLT41 )
. [ 1)
o8 [ S R - Tt i K -
2TLE4040) ( PRY )
240000401 { L83 )
«I%100403 ¢ P31 ) C - A
L4040y { LOD )

CALCULATION TINE hd

«XNB4YSDY tpECTR) T - T i :
«21090¢03 [ P31 ) MAX PRESSURE FOR THIS RISgION .
«W270002 1 LY )} PROPELLANY TANK SURPACE AREA .
19474003 (FY=3 }
14747404 (PELY ) RES1DUAL
+00000 LS 3 T T U CALCULATER RAESTOUAL AROPELLANY VAPDI-
«3PP0R4D| ( LIS ) InSULATION
HE PRESIVRANT srugu |~l|n¢ PROPELLANY Taug
+74085-00 (reef ) C PRESSURANT SPHCRE *gign?
«17011°0) (PTe3 ) PRESSURANT RENA[NING [W Pal3S lFu! »
_eziiO¥in) .
» 19240402 (FT3 ) PROPELLANT TANK SyRFACE ania -
«J4423404 (PEEY } INSULATION
«S1890403 ( LBS ) ~  CALCULATED INIYiAL PROPELLANY vurol .
s005F4SD2 § \BD ) RESIDUAL .
«%331 6409 & LBS ) - o= oo LAUNCH WETEMY -
+00000 t s ) I U PERFORNANCE CoNtinEEne? .
+90800402 PV/8py - - - wEient oF PROPELLANY ySED
23432-02 10€e~4} WEIENT OF PROPLLLANY vaPSritED A'v(l-
oig880s8y ¢ P31 0 TOTAL wLIGNT oF ALETURE VSED
17170002 (PY/3Q) REIANT oF PROPLLLANY y3ED
oBZ6302 (DLE=A) -~~~ - WELENT OF PROPELLANY vAPORIILS l"lI-
«13300%03 t P3{ ) T0TA, mCISHY OF S XTURE ULILD -
+ 72724004 (FT/34) WEU4NY OF PROPELLANY y3ED
+00000 tpre=~8} WEIENT OF PROPELLANT vAPOnIZED l"l'-
«15500403 ¢ P31 ) -~ TOTAL wrl&HY 0P FIITURE ustd

C-14

‘v717900°|

K

VENUS ORBITER — COMPUTATION FOR OFZ SYSTEM

084370 [ 114

22000403 ¢ P3Y
eIN2V4402 {oTe2

+23328.02 1
JU2734.00 ¢
33777600 ¢

L3
Les
Las

o190103e02 ¢
29178802 ¢

Les
[S 1)

34723402 (pTe}
33274001 ( LIS
«92778.01 ¢ L#3
1 Les

«¥Q220.08 ¢ LB3
+J0%92.02 { LOY

C18274408 ¢ LO3
4942201 ¢ LSS
40732402 { LBY

+S1TAZaDY ¢ LES
+33320-01 ¢ LOS
21580700 1 LOS

«182%3080 ( LOT
+00008 L
odgsetede { LES
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Table C-7b

OF /B VENUS ORBITER — COMPUTATION FOR B2H6 SYSTEM

26

PalangTgRS grivg OPTiNlIgD
. INBULATIOM vultluzss . - 800, (14cHE) o

LAUNCH FELE 87T 9022000471 108 )
ULLAGE 'th(N'A‘[ OF YANK voLUnE o JEOBl1eBg ¢ B )
vENY PuESSURE 510003 ( PS5 )

INITiaL PRESSURANT Load™ » 400040} 17LOF )
NALIMUN TANK PAESSURE # +10000+03 { #S§ )
e __ . JNMITIA|, PROPLLLANTY LOAD »__ 281990403  A8% )
NISS IOV _PARTICULARS
3 BumN mTSElON CALCUTATION TimE 03,498 U SIS
FINAL PROPELLANT TERPERATURE » 230139493 lpte-)

WEIGKY gUunaay .
QPYiBUN TaNc %) _ w2 [Bgig) Tawe(s

1286403 ¢ PSIT T MAK pREsSURE rom TTwIs RisgloN ™ s 215580037 PEIY
s86404002 ( LOS ) PROPELLANY Tang SyRPACE anta w 34723402 (#T=2 )
19240402 _(FY¥=3 )

c1es23e0) tPEET YT RESiouaL

mingnum Ga8E CUTOFr PRESSURE .
PROPELLANT Tadx -
PROPELLANY TANK vOLUNE [
-
.

PROPTLLANY TANK CHARACTERISTIC BIA,

801, OFF (IF ANT) «00000 1103 ) CALCULATED RESIDVAL PROPELLANY unn-
__PRESTURANT 1IN novu.unv Vamg = I%E81e01 1 L8R ) INSULATION

T PACYSURANT ANALYSIS PRESSumaNY @ e 1Y s mE PAEsSUR SPHEREQUTSIDE PROPELLANY ToWg —  —  ——
PRESSURANT SPHEIRL RADIUS ®  JT4085-00 (FELY ) PRESSURANY SPuERE SRZIgNY .

. PRESSURANT_SPNIRE VOLUNE_ . 7011403 _1PT=3 ) PRESSURANY RENAINING [N PRESS SPHR w
GAS FacTOm toTnEn Tank o RESTOUALEY 8~ 23888401 — ittt aa
NONOPTINUN TANKIS) & ¢ DFR(CITANKIS)
. ___PROPELLANT TANK vOLUNE b 19474402 (PY=3 ) PROPELLAMT Tang SURFACE aela’
PROPELLANT Talk CHaRACTENISYIC GINS & 1478700 (rEE? YT IwSypavg ™~ ——— ——— "~~~
INIYIAL PROPELLANT LOAD " elbas s t LBS ) tALCoLtvth INITIAL Pl.’tg;n-v VAPOR o
. _ __GROPELLANY YAk ®__+49270402 ¢ AN RESTDUAL - =

ToraL8
PAYLDAD « @ +4IE0%eBsy ¢ LB ) LAVMCH #CibuY " S0 220eD0 ¢

__ STRUCTyRAL (VARJAWLE « CONSTANT) LY 1 L8 ) I s P!I'B"'_l_“(t CoNTInSEneY ® 30480002 ¢

_SUNMART OF gURN DaTA = TOTAL OELTA VELOCITY = 423407489

BURN & 1
oELTA VELOCITY OBVAINED ’ = .$0$00+02 (FYs3¢H BLIEHY OF PRUSELLAVY (SED L]
DELTA PROPELLANY YEMPERATURE 41103201 ¢DEX-W} SEIGHY NF PROPELLANY vaPOallfp afTine
OPERAT (NG PRESSURL T e 18860483 PRITT T T YOTAL BEIEHT OF MIXTURE uSED T BT L8738 LBS 1
P L LI S S s .
oILYA VELDCITY O8ValnEd ® 17120407 (PT/SCY T T T SElanY OF PROPELLANY ySED T T mTT ArRale8Y CLEBTY
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PARAMEVERS OEING OMTIMPZED
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